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Much effort has been put into improving the performance of the electrochemical 
capacitors (which can also be named as supercapacitors) due to their higher power density than 
that of batteries and higher energy density than that of conventional capacitors, respectively. 
Besides, it has been discovered that, in supercapacitors, there are about three types of electrode 
materials (including EDLC electrode, battery-type electrode and pseudocapacitive electrode) 
according to their different energy storage mechanisms and, with the combinations of different 
electrode materials, about three types of supercapacitors can be categorized, such as electric 
double layer capacitor (made of two EDLC electrode), asymmetric supercapacitor (fabricated by 
one pseudocapacitive electrode and one EDLC electrode or another different pseudocapacitive 
electrode) and hybrid supercapacitor (built by one battery-type electrode and one EDLC 
electrode or one pseudocapacitive electrode). In this dissertation, the energy storage mechanisms 
of these electrode materials are reviewed and the corresponding kinetic analysis based on cyclic 
voltammetry curves are discussed. Moreover, for the purpose of achieving better overall 
performance than that of batteries so that the supercapacitors cannot only be used in long term 
energy storage but also in rapid charge/discharge power supply, it is still necessary to develop 
supercapacitors possessing higher energy density without sacrificing their power density. 
Therefore, the four projects presented in this dissertation are the investigations of our group 




CHAPTER 1.    GENERAL INTRODUCTION  
1. 1 Background 
It is noted that the recent conflicts of our world are mainly coming from the struggle of 
energy resources, especially fossil fuels (such as oil, natural gas and coal) which are limited in 
supply, unevenly distributed on earth and cannot be regenerated within millions of years. In 
order to mitigate the possible occurrence of energy crisis when the depletion of fossil fuels  
happens, renewable energies (including water energy, solar energy, wind energy and geothermal 
energy etc.) have drawn great attentions of researchers from all over the world.1, 2, 3 However, the 
energies produced from these renewable resources are usually intermittent which cannot 
continuously dispatch electricity to the power grid. Thus, it is of great importance to develop 
reliable energy storage devices that can firstly store electrical energy (produced from renewable 
resources) and, then, release it at the request of the power grid. 
 
Figure 1.1. Ragone plot with energy density and power density for different energy storage 
devices. Reproduced with permission from Ref.4  
 
Generally, there are mainly four types of energy storage devices (i.e. fuel cells, batteries, 
conventional capacitors and electrochemical capacitors which can also be named as 
supercapacitors) that have been widely recognized.4 The performance of these devices can be 




respectively, as shown in figure 1.1. Briefly, energy density describes the amount of energy that 
can be stored in devices and power density indicates the charging/discharging rate of the devices. 
1. 2 Brief introduction of fuel cells and batteries 
1.2.1 Fuel cells 
 
Figure 1.2. Schematic illustration of fuel cell. Reproduced with permission from Ref.5  
 
According to the report, the first fuel cell was invented by Sir William Grove in 1839 
and, then, put into practical usage by Francis Thomas Bacon in 1932 after many years of 
improvement.6, 7 It needs to mention that the excess electrical energy that generated from power 
plant can be converted into chemical energy stored in hydrogen (𝐻!) through water 
decomposition (2𝐻!𝑂 → 2𝐻! + 𝑂!). Reversely, fuel cells can convert chemical energy in 𝐻! 
with the mixing of oxygen (𝑂!) to electrical energy. As shown in figure 1.2, the anode reaction is 
2𝐻! + 4𝑂𝐻" → 4𝐻!𝑂 + 4𝑒" and the cathode reaction is 𝑂! + 2𝐻!𝑂 + 4𝑒" → 4𝑂𝐻". The 
overall reaction in fuel cells is 2𝐻! + 𝑂! → 2𝐻!𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑒𝑛𝑒𝑟𝑔𝑦 + ℎ𝑒𝑎𝑡.5, 8 Contributed 
by this reaction, fuel cells can provide the highest energy density comparing with the other three 
energy storage devices suggesting their high energy storage capability, but the power density of 
fuel cells is very low indicating their slow energy converting rate. Moreover, there are still a lot 






Figure 1.3. (a) Schematic illustration of Li-ion battery. (b) Some examples of the electrode 
materials of rechargeable Li-based cells. Reproduced with permission from Ref.11, 12 
 
Besides fuel cells, batteries can also supply comparable high energy densities and its 
different mechanism from fuel cells can avoid the problems of hydrogen storage. Currently, 
batteries, especially Li-ion batteries , have been widely used not only to power the portable 
devices (e.g. electric vehicles, mobile phones and laptops, etc.) but also for large-scale grid 
energy storage due to their great energy-to-weight ratio, high open circuit voltage and low self-
discharge rate.13 Typically, a Li-ion battery is constructed by the organic based electrolyte, 
anode, cathode and a separator as shown in figure 1.3a. The electrical energy produced from 
power plant can be stored in batteries by the electrochemical reactions happening on both two 
electrodes (In Li-ion batteries, the reactions are the intercalation/deintercalation processes of Li 
ions on both cathode and anode materials.) and the electrolytes are the medium that can pass the 
species with charge (such as Li ions) in order to achieve charge balance of the system. Besides, 
the electrolytes used in Li-ion batteries are normally made of organic solvents containing Li ions, 
such as LiPF6 in Ethylene carbonate (EC)-ethyl methyl carbonate (EMC) organic solvent.14 
However, the organic electrolytes are either toxic or flammable; aqueous electrolytes are limited 




support most of the electrochemical couples used in Li-ion batteries; and the use of liquid 
electrolytes in Li-ion batteries has a risk of leakage which creates a hidden danger in our life.15 In 
order to solve these problems, many works have been done, for example, Wang et al. proposed 
an aqueous/non-aqueous hybrid electrolyte with tailored electrode/electrolyte interphase 
producing an electrochemical stability window of 4.1 V.16 Suo et al. for the first time developed 
a “water in salt” electrolyte which forms a dense protecting interphase on the anode surface and 
helps expand the electrochemical stability window of 3V.17 Liu et al. reported a quasi-solid-state 
PVA-LiNO3 hydrogel polymer electrolyte for Li-ion batteries.18 For the electrodes, as shown in 
figure 1.3b, the output voltage of prepared Li-ion battery is decided by the potential difference of 
releasing and accepting processes of Li+ ions between the cathode and anode.12 Generally, during 
the charge process of Li-ion battery, the Li+ ions released from the cathode material (e.g. 
LiCoO2, LiMn2O4 and LiNixCoyMnzO2, etc.) will transfer through the electrolyte and separator to 
the anode material; and the discharge process has an reversed process.19 Theoretically, the most 
ideal anode material for rechargeable batteries is Li metal due to its superior capacity and lowest 
potential comparing with other materials (figure 1.3b). However, the growth of Li dendrite 
(figure 1.3c) during charge and discharge process can penetrate the separator and reach cathode 
resulting in the circuit short with a catastrophic cell failure.20 The researchers also developed 
many other anode materials such as carbon-based material (e.g. graphite and graphene), TiO2, 
alloy-based materials (Si, Sn, P) and transition metal oxides (e.g. Mn3O4) in order to mitigate Li 
dendrite growth, but the capacities of these materials are much lower than that of Li metal.21 
Thus, there are still a lot of research works that needs to be done in order to develop better anode 




1. 3 Electrochemical capacitors (supercapacitors) 
In terms of overall performance (figure 1), batteries exhibit very high energy densities but 
their power densities are so small that cannot meet the requirement of fast charging for modern 
devices. Besides,  although the dielectric capacitors (which store charges dielectrically) have 
very high power densities, their energy densities are too low to store much energy. Therefore, it 
is necessary to investigate one type of devices which can provide relatively high energy density 
and high power density at the same time. To do so, electrochemical capacitors (or 
supercapacitors) have been investigated and their potentials in bridging the gap between batteries 
and dielectric capacitors have attracted a lot of research interests. 
1.3.1 Electrodes of supercapacitors with different energy storage mechanisms 
Based on the energy storage mechanisms, three types of electrodes can be categorized in 
electrochemical capacitors, including electric double layer capacitive (EDLC) electrodes, 
battery-type electrodes and pseudocapacitive electrodes. 
I. EDLC electrode 
 
Figure 1.4. (a) Schematic of EDLC electrode. Typical (b) CV curves, (c) GCD profiles and (d) 
kinetic analysis of EDLC electrode. Reproduced with permission and modified from Ref.22, 23 
 
In EDLC electrodes (typically made of conductive materials with high surface area such 




adsorption/desorption of ions on the surface of electrode material (which forms a layer called 
Helmholtz layer as shown in figure 1.4a).24, 25 The capacitance of the EDLC electrode (𝐶#$) can 






𝐴               (1) 
Where 𝑄 is the total charge transferred at the potential of 𝑉, 𝜀( is the permittivity of the 
electrolyte, 𝜀) is the permittivity of vacuum, 𝑑 is the charge separation distance and 𝐴 is the 
electrode surface area (which is accessible to the ions).27 In the conventional capacitors, the 
charge separation distance is the distance between the two electrode plates, while, in EDLC 
electrode, the charge separation distance is close to the average thickness of Helmholtz layer; 
and the so called electric double layer capacitor made by two EDLC electrodes can be treated as 
the two EDLC electrodes linked in series. According to this equation, comparing with 
conventional capacitor, the EDLC electrode (which can be treated as a small capacitor) has the 
smaller 𝑑 value and much higher 𝐴 value. As a result, the EDLC electrode is able to provide 
higher capacitance value than that of the conventional capacitor. Besides, as shown in figure 
1.4b, the cyclic voltammetry (CV) curves of EDLC electrodes give a rectangular shape which 






= 𝐶#$𝜈    (2) 
Where 𝐼 is the response current, 𝑡 is time and 𝜈 is the scan rate in CV. Since the ideal 𝐶#$ 
is constant, the current only responds linearly with the scan rate which can be reflected by the 
rectangular shapes at different scan rates. Moreover, in the galvanostatic charge and discharge 
(GCD) tests (figure 1.4c), the potential changes linearly with respect to the time which is because 




which is about the kinetics analysis of the EDLC electrode based on the CV curves, will be 
discussed along with the kinetics analysis of the other two types of electrodes in the later section. 
II. Battery-type electrodes 
 
Figure 1.5. (a) Schematic of battery-type electrode. Typical (b) CV curves, (c) GCD profiles and 
(d) kinetic analysis of battery-type electrode. (e) Schematic of pseudocapacitive electrode. Typical 
(f) CV curves, (g) GCD profiles and (h) kinetic analysis of pseudocapacitive electrode. 
Reproduced with permission and modified from Ref.23 
 
In traditional battery-type electrode, the energy is stored/released via diffusion-limited 
bulk faradaic redox reactions of the electrode materials (as shown in figure 1.5a) which are 
normally metal oxides/hydroxides or their related derivatives, such as Ni(OH)2, Ni3S4 and 
graphene-NiMoO4 composite,etc.29, 30 ,31 Due to the sluggish faradaic redox reactions of the 
electrode material, a pair of well separated redox peaks can be clearly observed (figure 1.5b). 
The peak with the positive current is the oxidation peak while the other one is the reduction peak. 
In the GCD profiles, the potential will be pinned at a certain position during the charge process 
reflected by the plateau found in figure 1.5c which can also be observed during the discharge 
process. According to the reaction processes happening between the host battery-type electrode 






Figure 1.6. (a) Schematic illustration of the intercalation of Li+ into V2O5 with layered structure. 
(b) CV curves of porous V2O5 hierarchical spheres in the LiNO3 electrolyte. Reproduced with 
permission and modified from Ref.34, 35 
 
(1) Intercalation: The intercalation/deintercalation process of the cations into/out of  the 
tunnel or the layer structure of the host electrode material (which are normally made of  Mo, Ti, 
and V based oxides/compounds) provides the basics of energy storage and a small structure 
variation can be observed during these processes. For example, as shown in figure 1.6a, during 
the discharge process of the electrode, Li+ ions can be intercalated into the interlayer space of 
V2O5 (which is usually used as negative electrode in supercapacitor) and the deintercalation 
process can happen during the charge process.34 The whole reaction can be described by the CV 
curves in figure 1.6b as well as the equation (3): 35, 36 




1⎯⎯⎯⎯⎯⎯⎯⎯2    (3) 
 
Figure 1.7. CV curves of (a) Ni(OH)2/NiMoO4 nanoplates electrode and (b) Fe3O4 nanorod array 





(2) Conversion: The energy is stored through converting the pristine material (which 
reacts with ions from the electrolyte) to the new phases, while the energy is released when the 
reversed reactions occur. Battery-type electrodes with conversion mechanism are usually made 
of Ni, Co oxides/hydroxides and iron oxides, etc. For example, NiMoO4 as the positive electrode 
in hybrid supercapacitor with alkaline electrolyte has the reaction mechanisms as shown in 
equation (4-6) and the CV curves are shown in figure 1.7a:37 
𝑁𝑖𝑀𝑜𝑂3 ↔ 𝑁𝑖!, +𝑀𝑜𝑂3!"                         (4) 
𝑁𝑖!, + 2𝑂𝐻" ↔ 𝑁𝑖(𝑂𝐻)!                          (5) 
𝑁𝑖(𝑂𝐻)! + 𝑂𝐻" ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻!𝑂 + 𝑒"   (6) 
Li et al. has reported the phase change (along with the change of valence states) of Fe3O4 
nanorod array electrode (as the negative electrode) during the CV tests (figure 1.7b).38 The whole 





HIJ 𝐹𝑒)                                (7) 
It is necessary to mention that the reason for calling the redox reaction of battery-type 
electrode material is a diffusion-limited process (or its redox reaction is sluggish) is that the 
redox reaction of battery-type electrode material usually involves in the ions from the electrolyte 
and it always takes time for the ions (or electrolyte) to diffuse (or penetrate) into the material in 
order to intercalate themselves into suitable positions or contact the limited electroactive sites of 
material to have the phase change reactions. In other words, the happening of the redox reaction 
is controlled by the diffusion rate of the ions travelling to the suitable intercalation positions or 
the limited electroactive sites of the electrode material.39 Thus the reaction process of battery-
type electrode is clearly slower than the process that only occurs on the surface of the electrode 




the next paragraph). Figure 1.5d, which is about the kinetics analysis of the battery-type 
electrode based on the CV curves, will be discussed along with the kinetics analysis of the other 
two types of electrodes in the later section. 
III. Pseudocapacitive electrodes 
The pseudocapacitive electrode is at the middle stage of EDLC and battery-type 
electrodes and the energy is stored/released through fast and reversible faradaic redox reactions 
at the surface or near surface of the electrode materials (figure 1.5e).26  As displayed in figure 
1.5f and g, the typical CV curve of pseudocapacitive electrode has a near-rectangular shape with 
some small humbles (which represent the fast redox reactions) and its GCD profiles are almost 
linear.23 Figure 1.5h, which is about the kinetics analysis of the pseudocapacitive electrode based 
on the CV curves, will be discussed along with the kinetics analysis of the other two types of 
electrodes in the later section. 
 
Figure 1.8. Schematic of (a) underpotential deposition, (b) redox pseudocapacitance and (c) 
Intercalation pseudocapacitance. Reproduced with permission and modified from Ref.40 
 
To date, three types of pseudocapacitive mechanisms have been discovered:23, 26, 28, 33 
(1) Underpotential deposition: Based on figure 1.8a, a monolayer of metal ions (such as 
Pb2+) will be deposited on the surface of another metal (such as Au) when the potential reaches 
less negative that its reduction potential value (figure 1.8b). This process can also be indicated in 




𝐴𝑢 + 𝑥𝑃𝑏!, + 2𝑥𝑒" ↔ 𝐴𝑢 ⋅ 𝑥𝑃𝑏           (8) 
(2) Redox pseudocapacitance: Under this mechanism, cations are adsorbed on the surface 
or near-surface of electrode material (such as MnO2 and RuO2) with a faradaic charge transfer 
during the charge process while a reversed process can be observed during the discharge process 
(figure 1.8b). For example, the pseudocapacitive behavior of RuO2 electrode is believed to be 
originated from the surface adsorption/desorption of protons (H+) along with the change of 
valence state of Ru element as shown in the following equation:42 
𝑅𝑢𝑂! + 𝛿𝐻, + 𝛿𝑒" ↔ 𝑅𝑢𝑂!"7(𝑂𝐻)7                   (9) 
Besides, MnO2 has a surface adsorption along with the change of valence states 
mechanism as shown in the following equation:43, 44, 45 
(𝑀𝑛𝑂!)89(:;<= + 𝐶, + 𝑒" ↔ (𝑀𝑛𝑂!"𝐶,)89(:;<=   (10) 
Where 𝐶, represents Li+, K+ or Na+. However, it has been reported that MnO2 as 
pseudocapacitive material also involves in intercalation/deintercalation mechanism which will be 
introduced in the next paragraph. 
(3) Intercalation pseudocapacitance: Although the related electrode materials have the 
mechanism of intercalation/deintercalation to store/release energy which is similar to some of the 
battery-type electrode materials, the absence of clearly crystallographic phase change during 
charging/discharging processes has make sure that the electrode materials with the mechanism of 
intercalation pseudocapacitance (such as MnO2 and Nb2O5) have the reaction rate as fast as 
EDLC electrode (figure 1.8c). For example, it is proposed that MnO2 electrode material can not 
only exhibit the mechanism of redox pseudocapacitance but also possess the mechanism of 
intercalation pseudocapacitance as the equation displayed below: 43, 44, 45 




Where 𝐶, represents H+, Li+, K+ or Na+. In detail, Mn element is reduced from the 
valence state of 4+ to that of 3+ during the intercalation process, while it is oxidizes back to 
valence state of 4+ during the deintercalation process. In terms of Nb2O5, it is reported that its 
energy storage process is based on the intercalation/deintercalation of Li+ which can be described 
the following equation:46 
𝑁𝑏!𝑂+ + 𝑥𝐿𝑖, + 𝑥𝑒" ↔ 𝐿𝑖-𝑁𝑏!𝑂+        (12) 
1.3.2 Kinetic analysis 
In order to thoroughly understand the kinetic differences of EDLC electrode, Battery-type 
electrode and pseudocapacitive electrode, a method that can quantify the kinetics  and  
deconvolute the diffusion-controlled and surface-controlled processes for electrode materials 
based on the results from CV curves is firstly proposed by Dunn et al in 2007 as the equation 
(13) and (14) shown below.47, 23  
𝑖 = 𝑘>𝜈 + 𝑘!𝜈>/!                       (13) 
𝑖/𝜈>/! = 𝑘>𝜈>/! + 𝑘!                 (14) 
Where 𝑘>𝑣 and 𝑘!𝑣>/! from equation (13) represent the current contributions from 
surface-controlled capacitive process and diffusion-controlled process, respectively, and equation 
(14) is just equation (13) divided by 𝑣>/!.48, 49, 50 With these equations and CV curves measured 
from different scan rates, the current contributions from surface-controlled capacitive process 
and diffusion-controlled process can be differentiated. Moreover, these equations are simplified 
as equation (15) and equation (16) is obtained by a log-transformation from equation (15). 
𝑖@ = 𝑎𝜈A                                       (15) 




Where 𝑖@ is the peak current (A) , 𝑣 is the scan rate (mV/s), and both 𝑎 and 𝑏 are the 
adjustable parameters that can be determined by linear fit calculation of logW𝑖@X versus log(𝑣). 
Based on the calculated 𝑏 value, it has two well-defined conditions. If 𝑏 equals to 0.5, the 
electrode reaction is a diffusion-controlled process (battery-type electrode material). Whereas, if 
𝑏 equals to 1, the electrode reaction is a surface-controlled process (capacitive electrode 
material).51, 52  
 
Figure 1.9. The discharge curves of LiCoO2 electrode material with different particle sizes. 
Reproduced with permission from Ref.53 
 
According to figure 1.4d and figure 1.5h, the typical b value of both EDLC electrode and 
pseudocapacitive electrode is 1, indicating that they are surface-controlled. In figure 1.5d, the b 
value of battery-type electrode is in a range of 0.5 to 1, which can be explained by the fact that 
when the battery-type electrode material has nanostructures, the specific surface area of the 
material can be dramatically increased so that the ion diffusion length can be largely shortened; 
in this way, the “bulk redox reaction” is basically changed to “surface redox reaction” and, thus, 
some battery-type electrode material can also exhibit pseudocapacitive behavior. This kind of 
material can be categorized as intrinsic pseudocapacitive material, compared with extrinsic 
pseudocapacitive material (such as MnO2 and RuO2) whose pseudocapacitive behaviors is not 




LiCoO2 decreases of bulk to 6 nm, the plateaus of these discharge curves (which represent 
battery-type behavior) gradually disappear and, eventually, near-linear line (which indicates 
pseudocapacitive behavior) can be found. 
1.3.3 Categories of supercapacitors 
Table 1.1. Three types of supercapacitors categorized by electrodes with different charge storage 
mechanisms. 
 
It is well known that supercapacitors can be categorized into three types (including 
electric double layer capacitor, asymmetric supercapacitor and hybrid supercapacitor as shown in 
Table 1.1) based on the electrodes with different mechanisms (including ELDC electrode, 
battery-type electrode and pseudocapacitive electrode which has discussed above).53 In detail, 
electric double layer capacitor is made of two EDLC electrodes; asymmetric supercapacitor is 
constructed by one pseudocapacitive electrode and one EDLC electrode (or the other kind of 
pseudocapacitive electrode); hybrid supercapacitor is fabricated with one battery-type electrode 
and one EDLC electrode (or pseudocapacitive electrode). 
 
Figure 1.10. Comparison of the electrochemcial performance of symmetric supercapacitors 
(electric double layer capacitors), asymmetric supercapacitors and hybrid supercapacitors in 





In addition, according to the Ragone plot shown in figure 1.10, asymmetric 
supercapacitors can exhibit higher energy density than electric double layer capacitors; and 
hybrid supercapacitors cannot only provide the highest energy density among these three types 
of supercapacitors, but also maintain the same level of high power density. In order to realize 
these experimental results into practical devices, it is worth further research on both asymmetric 
supercapacitors and hybrid supercapacitors. 
1.3.4 Electrolytes used in supercapacitors 
 
Figure 1.11. Categories of electrolytes used in supercapacitors. Reproduced with permission 
from Ref.55 
  
The electrolytes used in supercapacitor can be classified into about three groups 
(including liquid electrolyte, solid-state (or quasi-solid-state electrolyte) and redox-active 
electrolyte) as shown in figure 1.11; and the electrolyte from the third group (which is redox-
active electrolyte) can be obtained through modifying the electrolyte from the first two groups.55 
Briefly, in liquid electrolyte, aqueous electrolyte have higher safety and can provide higher ionic 
conductivity than non-aqueous electrolyte (so that lower internal resistance and higher power 
density in the prepared device can be achieved); but the working potential window of aqueous 
electrolyte is much narrower than that of non-aqueous electrolyte due to the thermodynamic limit 




electrolyte can avoid the leakage problem of liquid electrolyte, its complex fabrication processes 
and relatively low ionic conductivity (comparing with aqueous electrolyte) still need more 
research to improve. Therefore, the choices of using which type of electrolytes requires more 
consideration based on the practical applications.  
Moreover, it interesting to notify that the redox-active electrolyte, which is based on 
adding redox active species into liquid electrolyte or solid-state (or quasi-solid-state) electrolyte, 
can dramatically boost the energy density of the prepared supercapacitor due to the extra charge 
transfer obtained from the redox reactions. In my opinion, this method is one of the most 
significant and effective strategies in improving the overall performance of electric double layer 
supercapacitors. 
1. 4 Research objectives 
The electrochemical performance of supercapacitors is found to be located at the middle 
stage of that of conventional capacitors and batteries. In other words, supercapacitors are capable 
of providing relatively higher energy density than conventional capacitors and higher power 
density than batteries, respectively. However, based on the performance, they are only suitable 
for applications requiring short term energy storage and rapid charge/discharge power supply. In 
order to achieve better overall performance than that of batteries or at least be used as the 
substitutions of batteries, pursuing higher energy density but maintain the high power density in 
supercapacitors are necessary. The four projects introduced in this dissertation are the 
investigations of us towards this ultimate goals.  
1. 5 Dissertation overview 
In general, multiple strategies have been utilized in order to achieve higher energy 




(1) A hybrid electrochemical capacitor (EC) with enhanced energy density is realized by 
integrating functionalized carbon nanotube (FCNT) electrodes with redox-active electrolyte that 
has a neutral pH value (1M Na2SO4 and 0.5M KBr mixed aqueous solution). The negative 
electrode shows an electric double layer capacitor-type behavior. On the positive electrode, 
highly reversible Br-/Br3- redox reactions take place, presenting a battery-type behavior, which 
contributes to increase the capacitance of the hybrid cell. The voltage window of the whole cell 
is extended up to 1.5 V because of the high over-potentials of oxygen and hydrogen evolution 
reactions in the neutral electrolyte. Compared with raw CNT, the FCNT has better wettability in 
the aqueous electrolyte and contributes to increase the electric double layer capacitance of the 
cell. As a result, the maximum energy density of 28.3 Wh kg-1 is obtained from the hybrid EC at 
0.5 A g-1 without sacrificing its power density, which is around 4 times larger than that of the 
electrical double layer capacitor constructed by FCNT electrodes and 1M Na2SO4 electrolyte. 
Moreover, the discharge capacity retained 86.3 % of its initial performance after 10000 cycles of 
galvanostatic charge and discharge test (10 A/g), suggesting its long life cycle even at high 
current loading.  
(2) To enhance the energy density of solid-state supercapacitors, a novel solid-state cell, 
made of redox-active polyvinyl alcohol (PVA) hydrogel electrolytes and functionalized carbon 
nanotube coated cellulose paper electrodes, was investigated in this work. Briefly, acidic PVA-
[BMIM]Cl-Lactic acid-LiBr and neutral PVA-[BMIM]Cl-Sodium acetate-LiBr hydrogel 
polymer electrolytes are used as catholyte and anolyte, respectively. The acidic condition of the 
catholyte contributes to suppress the undesired irreversible reaction of 𝐵𝑟"and to extend the 
oxygen evolution reaction potential to a higher value than the redox potential of 𝐵𝑟"/𝐵𝑟4" 




cathode capacitance. The neutral condition of the anolyte helps extend the operating voltage 
window of the supercapacitor by introducing hydrogen evolution reaction overpotential to the 
anode. The electrosoprtion of nascent H on negative electrode also increases the anode 
capacitance. As a result, the prepared solid-state hybrid supercapacitor shows a broad voltage 
window of 1.6 V with high coulombic efficiency of 97.6 % and the highest energy density of 
16.3 Wh/kg with power density of 932.6 W/kg at 2A/g were obtained. After 10000 cycles of 
GCD tests at the current density of 10 A/g, it exhibits great cyclic stability with 93.4% retention 
of the initial capacitance. In addition, robust capacitive performance can also be observed from 
the solid-state supercapacitor at different bending angles, indicating its great potential as a 
flexible energy storage device. 
(3) Using bimetallic oxide as the electrode material of supercapacitor is emerging as a 
promising approach to supply better pseudocapacitive performance than that from the electrodes 
made of corresponding single metal oxides. Herein, Ni-Mn bimetallic oxide nanosheets (Ni-
MnBMO) on carbon cloth substrate were synthesized through a facile hydrothermal method. 
With the help of cyclic voltammetry activation process, the prepared A-Ni-MnBMO electrode 
exhibits the maximum specific capacitance 574 F g-1 (within a potential range of -0.2-1.2 V vs. 
Ag/AgCl at 1 A g-1 after excluding the effects of OER) mainly due to the reversible redox 
reactions of Mn3+/Mn4+. Moreover, to prove its potential as the positive electrode in a 
supercapacitor, an asymmetric supercapacitor with a voltage range of 2.1 V is fabricated by 
using functional carbon nanotube as the negative electrode and 1M Na2SO4 as the electrolyte. As 
a result, the device can deliver a maximum energy density of 27 Wh kg-1 (at 0.5 A g-1) and 82.3 
% of its initial specific capacitance can be maintained after 8000 cycles of galvanostatic charge 




(4) In order to improve the sluggish kinetics of the redox reactions occurring at the 
battery-type electrodes of hybrid supercapacitors, a Venus flytrap-like hierarchical NiCoMn-
O@NiMoO4@C nanosheet arrays electrode material are developed based on three aspects of 
considerations: 1. The developed NiCoMn-based trimetallic (NiCoMn-O) oxide has better 
electrical conductivity than any of its bimetallic or monometallic counterparts and the self-
decorated nanoneedles on its surface can create more electroactive surface area for electrolyte to 
access. 2 NiMoO4 layer is the most important redox active material in this composite since its 
high electrochemical activity in alkaline solution. 3. Carbon protection shell cannot only increase 
the electric conductivity of the composite but also improve its cycling stability via buffering the 
volume change during the charge/discharge processes. As a result, the obtained NiCoMn-
O@NiMoO4@C electrode can provide a maximum specific capacitance of 2189.5 F/g (at 0.25 
A/g) and 81.6 % of its initial specific capacitance can be maintained after 1500 cycles GCD tests 
(at 6 A/g). The prepared NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor exhibits the 
maximum energy density of 59.9 Wh/kg (at 0.25 A/g) and its specific capacitance can maintain 
88.3 % of its initial value after 3000 cycles GCD tests (at 6 A/g). 
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2.1 Abstract 
A hybrid electrochemical capacitor (EC) with enhanced energy density is realized by 
integrating functionalized carbon nanotube (FCNT) electrodes with redox-active electrolyte that 
has a neutral pH value (1M Na2SO4 and 0.5M KBr mixed aqueous solution). The negative 
electrode shows an electric double layer capacitor-type behavior. On the positive electrode, 
highly reversible Br-/Br3- redox reactions take place, presenting a battery-type behavior, which 
contributes to increase the capacitance of the hybrid cell. The voltage window of the whole cell 
is extended up to 1.5 V because of the high over-potentials of oxygen and hydrogen evolution 
reactions in the neutral electrolyte. Compared with raw CNT, the FCNT has better wettability in 
the aqueous electrolyte and contributes to increase the electric double layer capacitance of the 
cell. As a result, the maximum energy density of 28.3 Wh kg-1 is obtained from the hybrid EC at 
0.5 A g-1 without sacrificing its power density, which is around 4 times larger than that of the 
electrical double layer capacitor constructed by FCNT electrodes and 1M Na2SO4 electrolyte. 
Moreover, the discharge capacity retained 86.3 % of its initial performance after 10000 cycles of 
galvanostatic charge and discharge test (10 A/g), suggesting its long life cycle even at high 





In order to make the best use of the green renewable energy sources (i.e. wind, solar, 
etc.), it is crucial to develop reliable energy-storage systems.1, 2 Electrochemical capacitors (EC) 
or supercapacitors as one of the promising energy storage systems has attracted extensive 
research interests due to its long life cycle, high power density, and special bridging 
characteristics for the power/energy gap between the conventional batteries (with high energy 
density but low power density) and dielectric capacitors (with high power density but low energy 
density).3, 4, 5, 6, 7, 8 However, for supercapacitor to become primary devices for energy storage, 
further improvement of energy density is still necessary. 
 (Wh kg-1)                     (1) 
According to formula (1), energy density (E) accumulated in such capacitors is 
proportional to both the discharge specific capacitance ( ) and the square of output voltage 
window ( ) which excludes the IR drop.9 Therefore, by increasing the values of these two 
parameters, energy density can be definitely improved.  
One of the methods for improving the specific capacitance, and consequently energy 
density, is using electrode materials with high specific surface area (SSA) (such as activated 
carbon (AC), graphene, carbon nanotube (CNT), etc), since the 𝐶BC of an electric double layer 
capacitor is proportional to the SSA of the electrode as given by 𝐶BC = 𝑆𝑆𝐴 ∙ 𝜀/𝑑, where 𝜀 is the 
relative permittivity of the electrolyte solution, and 𝑑 is the thickness of the double layer.10, 11 
Zheng et al. synthesized graphene/activated carbon nanosheet composite with high SSA (2106 
m2 g-1) for making supercapacitor electrode, exhibiting high specific capacitance up to 210 F g-1 
in aqueous electrolyte. Its energy density can reach 22.3 Wh kg-1, which is much higher than that 




supercapacitor by using hierarchical polyaniline nanowires/ordered bimodal mesoporous carbon 
composites with the SSA of 599 m2 g-1 as electrode material, providing a high specific 
capacitance of 517 F g-1.13 Want et al. utilized the three-dimensional flower-like and hierarchical 
porous carbon material with the SSA of 761.5 m2 g-1 to make the supercapacitor, which can 
deliver high capacitance of 294 F g-1 (2 mV s-1) and high energy density of 15.9 Wh kg-1.14 
Futaba et al. successfully synthesized densely packed and aligned single-walled carbon-nanotube 
with high specific surface area (1000 m2 g-1) and the energy density of the prepared 
supercapacitor is as high as 69.4 Wh kg-1 in organic electrolyte.15 
On the other hand, many researchers have investigated hybrid supercapacitor systems by 
introducing redox reactions into one of the electrodes or electrolytes for achieving higher 
capacitance. Satish et al. made a lithium-ion hybrid supercapacitor by using carbon-coated 
Li3V2(PO4) electrode (battery-type half cell) and activated carbon electrode (capacitor-type half 
cell), delivering maximum energy densities of 27 Wh kg-1.16 Su et al. found that, by introducing 
p-phenylenediamine redox species into the electrolyte, the specific capacitance increased from 
65 to 156 F g-1 at 2 A g-1.17 Recently, Yamazaki et al. reported a hybrid capacitor by introducing 
redox active bromide or iodide species to the surface of activated carbon positive electrode 
(battery-type half cell), showing 5 times higher energy density than conventional aqueous 
electric double-layer capacitor.18 
Apart from specific capacitance, the increase of voltage window can also help enhance 
the energy density. By using non-aqueous electrolytes, large voltage window can be obtained, for 
example, organic electrolytes (2.5 to 3.0 V) and ionic liquids (up to 4 V).19 However, they have 
the disadvantages of  high cost, fire hazard, and low conductivity. Aqueous electrolyte, on the 




aqueous electrolytes (e.g. KOH, H2SO4), the main disadvantage is their relatively low 
electrochemical window (less than 1.229 V).20 However, Abbas et al. reported that the use of 
neutral aqueous electrolytes (such as lithium, sodium and potassium sulfates) can achieve a 
wider voltage window up to 1.6 V based on activated carbon electrodes owing to the large over-
potential of hydrogen evolution.21 Besides, Demarconnay et al., Wang et al., Tian et al. and 
Jiménez-Cordero et al. have also claimed similar results.22, 23, 24, 25 Therefore, using neutral 
aqueous electrolyte is an encouraging idea for improving the voltage window of supercapacitors. 
In this paper, we develop a functionalized carbon nanotube (FCNT) based hybrid ECs by 
introducing potassium bromide (KBr) into neutral aqueous electrolyte as redox species and using 
sodium sulfate (Na2SO4) as supporting salt. This type of supercapacitor combines the high 
capacitance introduced by the Br-/Br3- redox pair and the high voltage window enabled by the 
neutral electrolyte. Hence, a high energy density of 28.3 Wh kg-1 (at 0.5 A g-1) is obtained, which 
is around 4 times larger than that from electric double layer capacitor (EDLC) with the same 
FCNT electrode materials. The Br-/Br3-  redox reaction is very facile, enabling the hybrid 
capacitors to have power density as high as that of EDLC. Moreover, the discharge capacity of 
the hybrid capacitor retained 86.3 % of its initial value after 10000 cycles of galvanostatic charge 
and discharge (GCD) test at 10 A g-1, suggesting its long life cycle even at high current loading. 
2.3 Methods 
2.3.1 Materials 
Carbon nanotube (CNT, Timesnano, single wall, purity: >95%, specific surface area: 
>1075 m2 g-1), sodium sulfate (Na2SO4, Fisher Chemical, USA, formula weight: 142.04 g mol-1), 
nitric acid (HNO3, Fisher Chemical, USA, 68-70% w/w%), sulfuric acid (H2SO4, Fisher 




formula weight: 119 g mol-1), potassium hydroxide (KOH, Fisher Chemical, USA, formula 
weight: 56.1056 g mol-1), dimethylformamide (DMF, Sigma-Aldrich Co. LLC., USA, formula 
weight: 73.09 g moL-1 ), kapton polyimide film (McMaster-Carr, USA), cation exchange 
membrane (Membrane International, INC., USA). All chemical reagents are in analytical grade 
and used as received. 
2.3.2 Preparation of electrodes 
FCNT was obtained and dispersed into deionized water by using a modified acid 
treatment dispersion method.26, 27 Briefly, 100mg raw CNTs were added into 40 mL of acid 
mixture of sulfuric acid (98 wt. %) and nitric acid (69 wt. %) in a volume ratio of 3:1 and stirred 
for 10 mins at the temperature of 110 oC. The mixture was then diluted to 200 mL. The obtained 
FCNT were collected by membrane filtration and washed by deionized water to remove residual 
acids. Finally, the FCNT were uniformly dispersed into 50mL of DI water through a 30 mins 
probe sonication. The concentration of the solution is near 2 mg mL-1. This FCNT water 
dispersion was then transferred on the surface of kapton film by drop casting method, where 
kapton film is used as substrate and FCNT is used as both electrode active material and current 
collector. The mass loading of each electrode is 0.5 mg. The prepared FCNT electrodes were 
then immersed into 12 M HNO3 for 30 mins at room temperature and quenched in deionized 
water. The electrodes made of the hydrophobic raw CNT are also prepared for comparison.  
Specifically, 10 mg of raw CNT was dispersed into DMF and, after probe sonicating for 30 mins, 
20 mL of CNT/DMF dispersion with the concentration of 0.5 mg mL-1 was obtained. Then, 1 mL 
of CNT/DMF dispersion was drop casted on the surface of kapton film. After evaporating the 




2.3.3 Voltage windows in different electrolytes 
 
Figure 2.1. Voltage windows measurement of FCNT electrode in the base, acid and neutral 
electrolytes. 
 
The voltage windows of FCNT electrode in the base (6M KOH, pH=14), acid (1M 
H2SO4, pH=0.36) and neutral (1M Na2SO4, pH=6.3) electrolytes are measured in a three-
electrode cyclic voltammetry system, respectively, where FCNT is used as working electrode, 
platinum mesh as counter electrode, and Ag/AgCl (1M KCl) as reference electrode. As shown in 
figure 2.1, the voltage window of FCNT electrode in neutral electrolyte is -0.75 to 1 V (vs. 
Ag/AgCl), which is wider than that in acid (-0.276 to 0.952 V vs. Ag/AgCl) and base (-1.062 to 
0.167 V vs. Ag/AgCl) electrolytes. This result also gives the maximum and minimum potentials, 
which could be applied to the FCNT electrode without causing irreversible oxidation and 
reduction of the electrolyte. According to the standard reduction potential table, the potentials for 
oxygen evolution reaction (OER) and hydrogen evolutions reaction (HER) in aqueous electrolyte 
(with pH=0) are 0 and 1.229 V (vs. NHE, or -0.236 and 0.993 V vs. Ag/AgCl), respectively. It is 
noticed that those potentials will shift by -0.059 V for each pH value increases (as described in 




 (V)                               (2) 
Based on calculation, the exact potentials for HER and OER (at pH=6.3) are -0.3717 and 
0.8573 V vs. NHE, or -0.6077 and 0.6213 V vs. Ag/AgCl. And thus, the voltage window should 
be limited in 1.229 V. However, in 1M Na2SO4 neutral electrolyte, it can be observed that the 
potential for HER is driven to a more negative value -0.75 V (vs. Ag/AgCl) than the calculated -
0.6077 V (vs. Ag/AgCl), and the potential for OER is driven to a more positive value of 1 V (vs. 
Ag/AgCl) than 0.6213 V (vs. Ag/AgCl). With the aforementioned over-potentials of HER and 
OER, the voltage window is expanded from 1.229 V to 1.5 V. 
2.3.4 Assembly of supercapacitor 
 
Figure 2.2. (a) The schematic illustration of the redox-active electrolyte supercapacitor. 
 
As shown in figure 2.2a, the two electrodes made of FCNT (figure 2.2b) separated by 
cation exchange membrane are immersed into 1M Na2SO4+0.5M KBr mixed solution 
(FCNT|1M Na2SO4+0.5M KBr|FCNT). Here, KBr is the redox additive, providing  for redox 
reactions (shown in formula 3), and Na2SO4 is used as supporting salt for lowering the internal 
resistance of electrolyte. The measured pH value of the mixed solution is 6.8, which is close to 




electrodes but allow the transport of cations across the membrane. More detailed discussion of 
the membrane can be found in figure S2.8 of supplemental material.    
, E0=0.834 V vs Ag/AgCl 30, 31      (3) 
In addition, for comparing the performance change caused by redox additive, an EDLC 
made of FCNT electrodes and 1 M Na2SO4 electrolyte (FCNT|1M Na2SO4|FCNT) is fabricated 
as well.  
2.3.5 Characterization 
Scanning electron microscopy (SEM) was recorded on a FEI Quanta 250 FEG Scanning 
Electron Microscope (FEI, USA). X-ray photoelectron spectroscopy (XPS) measurements were 
performed on a Kratos Amicus X-ray Photoelectron Spectrometer (Kratos, Japan). The water 
contact angle was measured by using a Ramé-hart 100-00 Contact Angle Goniometer with a 
droplet of 1uL deionized water. Cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS), and galvanostatic charge/discharge (GCD) were obtained on a computer-
controlled potentiostat/galvanostat system (Gamry Reference 3000 Electrochemical Station, 
Gamry, USA). The assembled supercapacitor was tested under a two-electrode system for CV 
and GCD tests. During the GCD tests, an Ag/AgCl (1M KCl solution) reference electrode was 
inserted in between the positive and negative electrodes in order to measure the potential profile 
of each electrode. A three-electrode system, where the working electrode is the FCNT, platinum 
(Pt) mesh was counter electrode and Ag/AgCl (1M KCl solution) was the reference electrode, 




2.3.6 Other calculation equations 
Specific capacitance ( ) and power density ( ) are two important parameters for 
evaluating the performance of supercapacitors. They can be calculated by formula (4) and (5), 
respectively. 
Specific capacitance:  (F g-1)                         (4) 
Average power density:  (W kg-1)          (5) 
Where  (F) is the capacitance of the supercapacitor,  (g) is the mass of active material 
on both electrodes,  is the discharge time.9, 32, 33 
2.4 Results and discussion 
 
Figure 2.3. SEM images of (a) raw CNT and (b) FCNT with the magnification of 15000 X (Scale 
bar 2 um). The insets show the enlarged areas with the magnification of 50000 X (scale bar: 500 
nm). XPS C1s spectrums of (c) raw CNT and (d) FCNT. (e)The content change of chemical 
components detected from XPS C1s spectrum.  The contact angle measurements of (f) raw CNT 
and (g) FCNT electrodes. 
 
The morphologies of the as-received raw CNT and FCNT are characterized by SEM. As 
shown in figure 2.3a, some nanotubes in the raw CNT sample do not exist in the form of 
individual tubes but agglomerate to each other forming large CNT bundles. However, after acid 
treatment, most of the CNT bundles untangle into individual nanotubes or smaller bundles 




after acid treatment and drop casting process, the structure of CNTs becomes more densified, 
which can increase the contact area among CNT networks and, thus, lower the electrode 
resistance. Furthermore, the wettability of electrode material is improved by introducing 
carboxyl group through acid treatment, which can increase the contact between electrode surface 
and aqueous electrolyte.35, 36, 37 The effective SSA of FCNT and raw CNT electrodes are 
investigated by using aqueous methylene blue (MB) adsorption method (whose detail 
information is discussed in Supplemental material). The calculated SSA for FCNT electrode is 
1463.077 m2 g-1 and for CNT electrode is 914.353 m2 g-1, revealing that higher SSA in FCNT 
electrode can be utilized in aqueous solution than that in raw CNT electrode due to better 
wettability after acid treatment. The electrochemical active surface area (EASA) of FCNT and 
raw CNT electrodes are also evaluated in Na2SO4 aqueous electrolyte through the CV 
measurements at a narrow potential window (0.3-0.6 V) without any faradic process (figure 
S2.1), since it is believed that all capacitance here is contributed by EDLC and its value is 
linearly proportional to the EASA.38 The testing result shows that FCNT electrode can provide 
higher electrical double layer specific capacitance than raw CNT electrode and, thus, the EASA 
of FCNT electrode is larger than that of raw CNT electrode, indicating its better electrochemical 
performance in aqueous electrolyte, which is consistent with that from MB absorption method. 
Therefore, even without the contribution of redox active electrolyte, comparing with raw CNT 
electrode, FCNT electrode with higher EASA (or effective SSA) can produce higher specific 
capacitance and larger energy density can be achieved. The higher EASA of FCNT is likely 
ascribed to its better wettability in aqueous electrolyte as proven by the water contact angle test 




FCNT electrode shows obvious hydrophilic nature with water contact angle of 33.1o, which is 
better than that of 141.1o for raw CNT electrode. 
The atomic concentration of oxygen increases from 2.75 % to 14.18 % after acid 
treatment suggesting the possibility of introducing carboxyl group (XPS full spectrums are 
shown in figure S2.2a and b and the corresponding atomic concentration changes are displayed 
in figure S2.2c and d). Besides, nitrogen doping with the atomic concentration of 0.62 % is also 
found in FCNT and its narrow-scan spectrum in figure S2.3 reveals that it has three 
components.39 Further analysis of C1s narrow-scan spectrum is also implemented. It can be 
observed that the C1s spectrum from raw CNT (figure 2.3c) can be resolved into three 
components centered at 284.5 eV (C-C), 285.4 eV (C-O), 290 eV (-COOH) and the same 
components can be distinguished from FCNT C1s spectrum as well (figure 2.3d).40, 41, 42, 43 
Importantly, the content change of chemical components shown in figure 2.3e indicates that, 
after acid treatment, the content of carboxyl group increased from 8.89 % to 16.48 %, which is 
the main reason for the increase of oxygen in FCNT discussed before. With the help of carboxyl 
group on FCNT surface, the surface wettability of the CNT electrode is improved, which not 
only offers more accessible electrode surface for ions in the electrolyte, but also increases the 
ionic conductivity at electrode-electrolyte interfaces.44 These effects are confirmed by the EIS 
measurements with FCNT and raw CNT electrodes shown in figure S2.4. Specifically, larger 
electrical double layer capacitance, indicating larger ion-accessible electrode surface, and smaller 
charge transfer resistance at electrode-electrolyte interface, due to higher ionic conductivity at 
the interface, were observed from FCNT-based electrode compared with that from raw CNT one. 
Detailed discussion of the EIS measurements can be found in the supporting information. 




bonding in raw CNT, is detected in FCNT (285.22 eV) and a slightly rise of its content (from 
36.19 % to 38.98 %) is also found. This result can be explained by the combination effects of 
carbon atom oxidation during acid treatment and the small amount of nitrogen doping, since C-O 
and C=N bonds are overlapped with each other.45 
 
Figure 2.4. (a) CV curves of FCNT|1M Na2SO4|FCNT and FCNT|1M Na2SO4+0.5M KBr|FCNT 
supercapacitors up to 0.8 V (blue curve) and 1.5V (red curve). (b) CV curves of FCNT|1M 
Na2SO4+0.5M KBr|FCNT supercapacitor at different scan rates at the voltage window of 1.5 V. 
(c) CV curves of Br-/Br3- redox reactions on the surface of FCNT electrodes measured in 1M 
Na2SO4+0.5M KBr electrolyte. 
 
The voltage windows of FCNT|1M Na2SO4|FCNT and FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitors are detected by CV using a two-electrode system (See figure S2.5). 
Its result shows that the maximum voltage of each cell is around 1.5 V. CV curves of FCNT|1M 
Na2SO4|FCNT supercapacitor and FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor are 
compared by plotting the CV curves together in figure 2.4a in order to evaluate the effects of 
redox additive (KBr) and different voltage windows. These CV tests are carried out at the scan 
rate of 30 mV s-1 in the voltage window of 0–0.8 V (blue curve) and 0–1.5V (red curve), 
respectively. As shown in figure 2.4a, FCNT|1M Na2SO4|FCNT supercapacitor (dash curve) has 
rectangular CV curves, which is a characteristic of a pure electrostatic capacitor, indicating fast 
charge and discharge behavior, while CV curves from FCNT|1M Na2SO4+0.5M KBr|FCNT 
supercapacitor are not rectangular due to the redox reactions (solid curve). Besides, the larger 




FCNT|1M Na2SO4|FCNT supercapacitor demonstrates the higher capacitance obtained by adding 
KBr redox additives. Another reason for this phenomenon is the increased ionic conductivity of 
the electrolyte after the addition of KBr. Figure 2.4b shows the CV curves of FCNT|1M 
Na2SO4+0.5M KBr|FCNT supercapacitor measured at the voltage window of 0 to 1.5 V from 30 
mV s-1 to 100 mV s-1. The relatively rectangular shape of these CV curves indicates the stable 
performance of the cell even at high scan rate. The similar result is obtained from the CV curves 
of FCNT|1M Na2SO4|FCNT supercapacitor shown in figure S2.6.  As shown in figure 2.4c, CV 
tests in a three-electrode system was used to detect the redox reactions of Br-/Br3- on the surface 
of FCNT electrode in 1M Na2SO4+0.5M KBr electrolyte. For different scan rates (4, 5, 6, 7, 8 
mV s-1), the CV curves have an incomplete oxidation peak starting roughly from 0.82 to 1 V (vs 
Ag/AgCl) during the anodic scan.46 Furthermore, during the cathodic scan, the positions of 
reduction peaks only slightly shift from o.8895 to 0.8695 V as the scan rate increases from 4 to 8 
mV s-1, suggesting the high reversibility of this reaction. These redox peaks are ascribed to the 
redox reaction of Br-/Br3- as shown in formula 3 rather than the electro- adsorption/desorption of 
bromide species, because the standard potential for Br-/Br3- redox reaction at pH=6.8 is c.a. 
0.834 V vs. Ag/AgCl, which is very close to the observed redox peaks. On the other hand, the 
electro- adsorption/desorption of Br- in neutral electrolyte happens at around 0.2 V vs. Ag/AgCl, 
which is far to the left of the observed redox peaks.47, 48 Besides, according to formula 3, Br2 can 





Figure 2.5. GCD of (a) FCNT|1M Na2SO4|FCNT and (b) FCNT|1M Na2SO4+0.5M KBr|FCNT 
supercapaciors measured at different voltage window at a current density of 0.5 A g-1. Potential 
change profiles of positive electrode and negative electrode (vs. Ag/AgCl) obtained from (c) 
FCNT|1M Na2SO4|FCNT and (d) FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitors at the 
voltage windows of 0.8, 1.5 and 1.6 V (0.5 A g-1). 
 
The GCD of FCNT electrodes in 1M Na2SO4 electrolyte (FCNT|1M Na2SO4|FCNT) are 
shown in figure 2.5a. Generally, as the voltage window increases, longer charge and discharge 
time are required. When the charge/discharge voltage window is increased from 0.8 V to 1.5 V, a 
series of symmetric GCD curves consisting of linear lines are observed showing their high 
energy efficiency. In addition, the low value of IR drop (See table S2.2) indicates its low internal 
resistance, which has been confirmed by the EIS tests. When a voltage window of 1.6 V is 
applied (black line), the charge curve shows a slightly nonlinear shape, which is asymmetric to 
the corresponding discharge curve where a straight line is observed, indicating the occurrence of 
irreversible electrochemical reaction. In the similar GCD tests of FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor shown in figure 2.5b, with voltage window ranging from 0.8 V to 1.5 
V, both of the charge and discharge curves have an obvious nonlinear shape because of the Br-




voltage window of 1.6 V shows a large plateau when the voltage is over 1.5 V (black line), 
which is not observed in the discharge curve, suggesting a violent irreversible reaction happens. 
Besides, the discharge time is obviously shorter than the charge time, suggesting its low energy 
efficiency. The IR drop of this cell also has a low value (See table S2.3) revealing its low internal 
resistance. Detailed discussions about the energy efficiency and other performances will be done 
on the later sections.  
In order to gain a deeper understanding of the processes involved in the operation of 
FCNT|1M Na2SO4|FCNT and FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor at different 
voltage windows, the potential change profiles of positive and negative electrodes have been 
recorded simultaneously. For FCNT|1M Na2SO4|FCNT supercapacitor showed in figure 2.5c, the 
potential difference applied to the positive and negative electrodes are almost the same at 
different voltage windows. This result is consistent with the performance of typical symmetric 
EDLC. In the 1.5 V test, the maximum potential of positive electrode is below the electrolyte 
oxidation limit (1 V) and the minimum potential of negative electrode is well above the 
electrolyte reduction limit (-0.75 V), indicating its safe working range. However, in the 1.6 V 
test, even though the minimum potential of negative electrode is safe, the maximum potential of 
positive electrode is above the electrolyte oxidation limit, meaning the irreversible oxygen 
evolution reaction can happen. This result can be used to explain the asymmetric GCD profile 
(1.6 V) in figure 2.5a. The detailed electrodes potential profile of FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor is given in figure 2.5d. Unlike the behavior of EDLC, it can be 
noticed that the potential difference on each electrode is totally different, suggesting their 
different energy storage mechanisms. On the positive electrode, a battery-type charge/discharge 




small range due to the occurrence of fast Br-/Br3- reactions. Notice that the positive electrode 
potential is always within the electrolyte oxidation limit.50 On the negative electrode, the 
capacitor-type behavior is noticed. In the 1.5 V test, the negative electrode potential drops and 
increases over a wider range than that of the positive one, revealing that most potential change is 
distributed to the negative electrode. But the minimum value of negative electrode potential does 
not exceed the electrolyte reduction limit, suggesting its safe working range. Besides, in all 
profiles, two small plateaus can be observed at the beginning of charge process and the end of 
discharge process when the negative electrode potential is close to potential on positive electrode 
where the Br-/Br3- reactions can happen. Hence, these two plateaus are ascribed to the weak Br-
/Br3- reactions at the negative electrode. Moreover, when the applied voltage window is 1.6 V, a 
large plateau can be found on the negative electrode profile (blue line) (figure 2.5d). On this 
plateau, the negative electrode is charged to a place where its potential is lower than the 
electrolyte reduction limit. Thus, the irreversible hydrogen evolution reaction, which is 
destructive to the cell, happens. Results shown in figure 2.5d can further confirm the maximum 
voltage window of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor is 1.5 V instead of 1.6V. 
 
Figure 2.6. GCD profiles of (a) FCNT|1M Na2SO4|FCNT and (b) FCNT|1M Na2SO4+0.5M 




curves of FCNT|1M Na2SO4|FCNT and FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitors at a 
current density of 0.5 A g-1. Discharge specific capacitance (considering the total mass of active 
material in the supercapacitor) and energy efficiency of FCNT|1M Na2SO4|FCNT and FCNT|1M 
Na2SO4+0.5M KBr|FCNT supercapacitors estimated from galvanostatic charge and discharge (d) 
within a voltage window of 1.5V at different current densities and (e) within various voltage 
windows at the current density of 0.5 A g-1. (f) GCD curves during a 10000 cycle test at the current 
density of 10 A g-1. Inset image shows the energy efficiency during the 10000 cycles. 
 
Figure 2.6a and b give the GCD curves of FCNT|1M Na2SO4|FCNT supercapacitor and 
FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor at different current densities (0.5, 1, 2, 4, 6 
A g-1). In figure 2.6a, linear charge and discharge curves are obtained at different current 
densities because of electrical double-layer behavior. The high symmetric profile and low IR 
drop (See table S2.4) indicate its high energy efficiency and low internal resistance. As shown in 
figure 2.6b, the charge and discharge profiles of FCNT|1M Na2SO4+0.5M KBr|FCNT 
supercapacitor are no longer linear, due to the redox reactions from Br-/Br3- redox additives, but 
the charge and discharge time are still relatively symmetric for all current densities, which is a 
good sign for having high energy and coulombic efficiency. The IR drop in this supercapacitor is 
also very small (see table S2.5) indicating low internal resistance even at high current densities. 
Figure 2.6c shows the comparison of GCD profiles of these two supercapacitors at the current 
density of 0.5 A g-1. Obviously, the charge and discharge time of FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor is about 4 times longer than that of FCNT|1M Na2SO4|FCNT 
supercapacitor due to the additional capacitance introduced by Br-/Br3-  redox reaction. The 
discharge specific capacitance (left axis) and energy efficiency (right axis) of FCNT|1M 
Na2SO4|FCNT supercapacitor and FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor at 
different current densities are plotted in figure 2.6d. It can be seen that FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor delivers the maximum specific capacitance of 92.12 F g-1 at 0.5 A g-1, 




0.5 A g-1). As the current density increases, the specific capacitance of FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor decreases and stabilizes at 40.38 F g-1 at 50 A g-1, which is still more 
than twice that of FCNT|1M Na2SO4|FCNT supercapacitor (18.06 F g-1). The energy efficiency 
of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor increases from 88.9% (0.5 A g-1) to 
99.6% (50 A g-1), while the energy efficiency of FCNT|1M Na2SO4|FCNT supercapacitor 
increases from 90.7% (0.5 A g-1) to 99.7% (50 A g-1). At lower current densities, the lower 
energy efficiency shown on both FCNT|1M Na2SO4|FCNT and FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitors than that at higher current density is caused by the occurrence of 
irreversible oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) during the 
charge processes, respectively. In detail, as the 1.5 V GCD test (0.5 A g-1) of FCNT|1M 
Na2SO4|FCNT supercapacitor shown in figure 2.5c, the maximum potential of positive electrode 
is close to 1V, the electrolyte oxidation limit (1 V), meaning that the irreversible OER may 
happen during the charge process, which can definitely decrease the energy efficiency. However, 
as the current density increases, the values of IR drop become relatively larger than at lower 
current (See Table S2.4 and 2.5). Therefore, at high current density, the actual potential of 
positive electrode (applied potential minus the IR drop) will not reach the electrolyte oxidation 
limit, and the irreversible OER will not happen. Thus, the high energy efficiency at high current 
density can be explained. The similar situation may happen in FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor as well. As its 1.5 V GCD test (0.5 A g-1) shown in figure 2.5d, even 
though the negative electrode potential does not exceed the electrolyte reduction limit (-0.75 V), 
its value is still very close to -0.75 V, suggesting the high possibility of occurrence of irreversible 
HER, which can also decrease the energy efficiency. When the current density increases, the 




the electrolyte reduction limit. Therefore, the energy efficiency can have high value at high 
current density. Figure 2.6e shows the values of discharge capacitance and energy efficiency in 
both types of supercapacitors as a function of voltage window at the current density of 0.5 A g-1. 
From 0.8 V to 1.6 V, the values of specific capacitances in FCNT|1M Na2SO4|FCNT 
supercapacitor are stable at around 20 F g-1, while the energy efficiency decreases from 99.66% 
at 0.8 V to 87.72% at 1.6 V. Comparing with FCNT|1M Na2SO4|FCNT supercapacitor, the 
discharge specific capacitances in FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor increases 
dramatically from 59.89 F g-1 at 0.8 V to 92.12 F g-1 at 1.5 V and then reaches up to 169.5 F g-1 
at 1.6 V. However, the energy efficiencies decrease to 63.42% at 1.6 V compared with 88.9% at 
1.5 V. This result can further confirm that 1.5 V is a better voltage window in this supercapacitor 
than 1.6 V, since relatively high specific capacitance and energy efficiency can be achieved 
simultaneously at 1.5 V. It is worth to notice that the energy efficiencies at 0.8V and 1V have 
exceeded over 100% a little bit. This may be caused by incomplete discharge in the previous 
GCD cycles. More importantly, the reason for the decrease of energy efficiency when increasing 
the voltage window in both types of supercapacitors is that, as the voltage window is increased, 
the negative electrode potential gradually reaches the irreversible hydrogen evolution potential, 
which leads to energy consumption during the charge process that cannot be recovered later 
during discharge.21, 31 The cyclic stability of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor 
is shown in figure 2.6f. It is noticed that about 86.3% of the initial discharge capacity can be 
retained after 10000 cycles at a high current density of 10 A g-1 confirming its good cyclic 
stability even at high current loading. Besides, figure S2.7 shows the last 5 cycles of this test, 
indicating the stable GCD profile even after 10000 cycles. The energy efficiency during the 




cyclic stability in term of energy efficiency. The high retention of both capacity and energy 
efficiency can prove the good durability of the capacitor even that has been used for 10000 times 
GCD tests.  
 
Figure 2.7. Ragone plot of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor and FCNT|1M 
Na2SO4|FCNT supercapacitor.  Data are overlaid on the performance of different electrochemical 
devices from the works of other groups.21, 51, 52, 53 
 
Ragone plot given in figure 2.7 shows the performance of FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor (red) and FCNT|1M Na2SO4|FCNT supercapacitor (blue) by plotting 
the energy density vs. power density. It is worth to notice that the output voltage used to 
calculate the energy density using formula 1 is the discharge voltage after excluding the IR drop. 
Overall, the energy density of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor is more than 
twice larger than that of FCNT|1M Na2SO4|FCNT supercapacitor, while the power density is 
almost the same. It can be concluded that, by adding the redox reaction into EDLC, the energy 
density has been greatly increased without sacrificing the power density suggesting its potential 
for supplying the high energy density and high power density at the same time. The highest 
energy density of Na2SO4+0.5M KBr supercapacitor is 28.3 Wh kg-1 obtained 0.5 A g-1 with the 
power density of 372.1 W kg-1 and the highest power density in this supercapacitor is 35.8 KW 
kg-1 obtained at 50 A g-1 with the energy density of 11.7 Wh kg-1. The performance data from the 





In this work, a functionalized carbon nanotube (FCNT) based hybrid ECs has been 
developed by adding KBr redox additive into neutral electrolyte. The KBr redox-active 
electrolyte with a neutral pH value can not only provide additional capacitance due to highly 
reversible Br-/Br3-  reaction, but also extend the voltage window up to 1.5 V owing to the high 
over-potential for oxygen and hydrogen evolution reactions on FCNT electrode in neutral 
electrolyte. The introduction of carboxyl functional group to the CNT surface via acid treatment 
can help improve the wettability of electrode material, which offers more accessible electrode 
surface for ions in electrolyte, and enhanced ionic conductivity at electrode-electrolyte 
interfaces. As a result, an energy density of 28.3 Wh kg-1 at 0.5 A g-1 has been achieved with the 
redox-mediated hybrid EC, which is around 4 times larger than that from the EDLC with the 
same FCNT electrodes. It can also be concluded that, by adding the redox reaction into EDLC, 
the energy density has been greatly increased without sacrificing the power density suggesting its 
potential for supplying the high energy density and high power density at the same time.  
Moreover, the discharge capacity retained 86.3 % of its initial performance after 10000 cycles of 
galvanostatic charge and discharge test (10 A g-1), suggesting its long cycle life even at high 
current loading. This work offers a possible pathway for achieving both high energy density and 
high power density with ECs. 
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3.1 Abstract 
To enhance the energy density of solid-state supercapacitors, a novel solid-state cell, 
made of redox-active polyvinyl alcohol (PVA) hydrogel electrolytes and functionalized carbon 
nanotube coated cellulose paper electrodes, was investigated in this work. Briefly, acidic PVA-
[BMIM]Cl-Lactic acid-LiBr and neutral PVA-[BMIM]Cl-Sodium acetate-LiBr hydrogel 
polymer electrolytes are used as catholyte and anolyte, respectively. The acidic condition of the 
catholyte contributes to suppress the undesired irreversible reaction of 𝐵𝑟"and to extend the 
oxygen evolution reaction potential to a higher value than the redox potential of 𝐵𝑟"/𝐵𝑟4" 
reaction. The observed 𝐵𝑟"/𝐵𝑟4" redox activity at the cathode contributes to enhance the 
cathode capacitance. The neutral condition of the anolyte helps extend the operating voltage 
window of the supercapacitor by introducing hydrogen evolution reaction overpotential to the 
anode. The electrosoprtion of nascent H on negative electrode also increases the anode 
capacitance. As a result, the prepared solid-state hybrid supercapacitor shows a broad voltage 




16.3 Wh/kg with power density of 932.6 W/kg at 2A/g were obtained. After 10000 cycles of 
GCD tests at the current density of 10 A/g, it exhibits great cyclic stability with 93.4% retention 
of the initial capacitance. In addition, robust capacitive performance can also be observed from 
the solid-state supercapacitor at different bending angles, indicating its great potential as a 
flexible energy storage device. 
3.2 Introduction 
Among numerous electrochemical energy storage devices, supercapacitors have drawn a 
lot of research attentions due to their higher energy density than dielectric capacitors and higher 
power density than batteries.1, 2 However, traditional supercapacitors using liquid-state 
electrolytes fail to meet the energy storage requirement of emerging portable and wearable 
electronics, due to their bulkiness and risk of electrolyte leakage.3, 4 Therefore, much research 
effort has been devoted to developing supercapacitors using solid-state electrolytes. 
In comparison to liquid-state electrolytes (i.e. aqueous and organic solutions of salts or 
ionic liquids), solid-state electrolytes (e.g. dry solid polymer electrolytes, gel polymer 
electrolytes, micro/nano-composite polymer electrolytes, etc.) have the advantages of stabilized 
form and  thus minimal need for device packaging (because of the solid-state property that can 
eliminate the risk of electrolyte leakage).5, 6, 7 Among those, hydrogel polymer electrolytes, 
constructed by a combination of polymeric cross-linked network and aqueous solution, stand out 
for their excellent ionic conductivity, low fire hazard, and low cost. Comparing with dry solid-
polymer electrolytes with the ionic conductivity of 10-8 and 10-7 S/cm, hydrogel polymer 
electrolytes can provide ionic conductivity as high as ca. 10-3 S/cm without losing their structural 
stability.6, 8 For instance, Chodankar et al. successfully made a PVA-LiClO4 hydrogel polymer 




PVA-[BMIM]Cl-Li2SO4 hydrogel polymer electrolyte and, after optimizing the content of 
[BMIM]Cl and Li2SO4, a free-standing hydrogel polymer with the maximum ionic conductivity 
of 37 mS/cm was achieved.10  
So far, various electric double layer supercapacitors made of solid-state hydrogel polymer 
electrolytes have been reported in literatures. For example, Batisse et al. developed an electric 
double layer supercapacitor by using activated carbon as active electrode material and PVA-
Na2SO4 hydrogel as electrolyte. The cell can supply an energy density of 13 Wh/Kg and a power 
density of 106 W/Kg at the current of 0.2 A/g.11 Besides, Xu et al. used graphene hydrogel film 
electrodes and PVA-H2SO4 hydrogel polymer electrolyte to make an electric double layer 
supercapacitor with an energy density of 6.5 Wh/Kg and a power density of 287.4 W/Kg at the 
current density of 1 A/g.12   
Recently, many research groups have demonstrated that solid-state supercapacitor’s 
energy density can be drastically boosted by adding redox-active species into the hydrogel 
polymer electrolyte. For example, Sun et al. made a PVA-H2SO4-ARS (Alizarin Red S) hydrogel 
that was used as electrolyte and sandwiched by two activated carbon electrodes. The testing 
result shows that the prepared solid-state supercapacitor has an energy density of 25 Wh/Kg with 
a power density of 1581 W/Kg at the current density of 2 A/g.13 Fan et al. developed a flexible 
supercapacitor by utilizing activated carbon as electrodes and PVA-H2SO4-KI-VOSO4 hydrogel 
as electrolyte. The resulting energy density is 25.4 Wh/Kg with corresponding power density of 
190 W/Kg at the current density of 0.5 A/g.14 Li et al. reported a supercapacitor made of carbon 
cloth coated by PVA-PANI hydrogel as redox-active electrolyte and PVA-H2SO4 hydrogel as 
separator. The test results showed that an energy density of 18.7 Wh/Kg and a power density  of 








HJ 𝐵𝑟4", E0=1.066 V vs. NHE    (1) 
Bromide/tribromide (𝐵𝑟"/𝐵𝑟4") redox reaction (equation 1), which is known as an 
efficient and reversible reaction and has a very high redox potential (1.066 V vs. NHE), is 
promising as a redox additive to the catholyte for enhanced cathode capacitance.16, 17, 18, 19, 20, 21 
However, at neutral condition, the redox potential of 𝐵𝑟"/𝐵𝑟4" is above the thermodynamic 
oxygen evolution reaction (OER) potential, which may hinder the occurrence of this reaction. 
Moreover, under neutral and base condition, 𝐵𝑟" could be irreversibly oxidized to the 
unstable	𝐵𝑟𝑂", reducing the cyclability of the cathode. Fortunately, this highly irreversible 
reaction has been shown to be greatly suppressed in acidic mediums. Thus, it is necessary to 
create an acidic condition in the catholyte for dual purposes: (1) to shift the OER potential 
positively and ensure that 𝐵𝑟"/𝐵𝑟4" redox reaction can proceed before OER occurs, and (2) to 
suppress the formation of unstable	𝐵𝑟𝑂".  
Another strategy to enhance the energy density of supercapacitors using hydrogel 
polymer electrolyte is to extend the voltage window. For catholyte with 𝐵𝑟"/𝐵𝑟4" redox activity, 
the cathode potential will be pinned at the redox potential of 𝐵𝑟"/𝐵𝑟4", and most of the potential 
change happens at the anode. To achieve extended voltage window, it is necessary to extend the 
anode’s working potential range, which is inevitably limited by the hydrogen evolution reaction 
(HER) for hydrogel electrolytes. It has been reported that carbon material can exhibit a high 
overpotential of HER when it is used as anode in neutral medium.22 Therefore, the use of neutral 
anolyte having high HER overpotential together with acidic catholyte with 𝐵𝑟"/𝐵𝑟4" redox 
reaction in a supercapacitor can promise enhanced energy density, by taking advantages of both 
high capacitance contributed by reversible 𝐵𝑟"/𝐵𝑟4" redox reaction on the positive electrode, 




has been proven in a liquid-state hybrid supercapacitor by Frackowiak’s group. Briefly, it has 
been reported that, by operating positive electrode in KI aqueous solution (which is a neutral 
electrolyte with redox additive) and negative electrode in KOH solution (which is an alkaline 
electrolyte for electric double layer capacitor), the working voltage of the supercapacitor can be 
increased to 1.5 V  and the calculated energy density is greatly improved.23 Moreover, solid-state 
electrolytes offer unique advantages for implementing electrolytes with different pH values than 
liquid-state electrolytes. Because of their stabilized forms, it is easier to separate solid-state 
electrolytes than to separate their liquid counterparts when assembling them into a supercapacitor 
cell. Effective separation of the catholyte and anolyte is essential for achieving wide voltage 
window and low self-discharge as discussed in details in Section 3. 
In the present work, we develop the acidic PVA-[BMIM]Cl-Lactic acid-LiBr (PVA-BC-
LA-LiBr) hydrogel catholyte and neutral PVA-[BMIM]Cl-Sodium acetate-LiBr (PVA-BC-SA-
LiBr) hydrogel anolyte with high conductivity and great mechanical properties by using a 
combination of solution casting and freeze-thaw methods. In detail, polyvinyl alcohol (PVA) was 
used as host polymer and 1-Butyl-3-methylimidazolium chloride ([BMIM]Cl) was the 
plasticizer. Lactic acid (CH3CH(OH)COOH) and sodium acetate (CH3COONa) are the water-
soluble components utilized to adjust the pH value of hydrogels. Besides, lithium bromide (LiBr) 
salt is not only a redox additive, providing 𝐵𝑟"/𝐵𝑟4" redox pair, but also the supporting salt for 
increasing the ionic conductivity of hydrogel. The amount of LiBr added into the hydrogel are 
optimized to achieve the highest ionic conductivity. Finally, the prepared gel electrolytes are 
sandwiched by functionalized carbon nanotube (FCNT) coated cellulose paper electrodes with 
high hydrophilicity to form a flexible supercapacitor device and Nafion 117 is used as the 






Carbon nanotube (CNT, product name: TNSAR, Timesnano, single wall, purity: >95%, 
specific surface area: >1075 m2g-1), poly(vinyl alcohol) (PVA, Sigma-Aldrich Co. LLC., USA, 
molecular weight: 89000-98000 g mol-1, 99 % hydrolysis), 1-Butyl-3-methylimidazolium 
chloride ([BMIM]Cl, Sigma-Aldrich Co. LLC., USA, molecular weight: 174.67 g mol-1), sodium 
acetate (CH3COONa, Fisher Chemical, USA, formula weight: 82.0343 g mol-1), lithium bromide 
(LiBr, Sigma-Aldrich Co. LLC., USA, formula weight: 86.845 g mol-1), lactic acid 
(CH3CH(OH)COOH, Fisher Chemical, USA, formula weight: 90.08 g mol-1, 85 % w/w), Nafion 
117 membrane (Fuel Cell Store, USA), Ag wire (diameter: 0.375 mm, Warner Instruments). All 
chemical reagents are in analytical grade and used as received. 
3.3.2 Preparation of PVA based hydrogel polymer electrolytes and FCNT-coated cellulose 
paper (FCP) electrode 
PVA based hydrogel polymer electrolytes were prepared by a combination of solution 
casting and freeze-thaw methods. For catholyte, 106 mg lactic acid, 9 g [BMIM]Cl and a certain 
amount of LiBr were fully dissolved in 10 mL deionized water. LiBr is served as the redox 
additive which provides sufficient 𝐵𝑟" for the redox reaction shown in equation 1. The obtained 
solution has a pH value of 1.42 (acidic). After that, 3 g PVA was added into the mixed solution 
under agitation at 90 oC until it becomes homogeneous. For anolyte, 82 mg CH3COONa, 9 g 
[BMIM]Cl and a certain amount of LiBr were fully dissolved in 10 mL deionized water. The 
obtained solution has a pH value of 7.03 (neutral). Then, similarly, 3 g PVA was added into the 
mixed solution under agitation at 90 oC until a homogeneous solution was formed. Finally, the 




After thawing for 30 min, the free-standing acidic PVA-BC-LA-LiBr and neutral PVA-BC-SA-
LiBr hydrogels were obtained. 
The active material of the electrodes is the functionalized carbon nanotube (FCNT) with 
enhanced hydrophilicity which has been described in detail in our previous work.19 The high 
hydrophilicity of FCNT can help increase the contact between FCP electrodes and PVA hydrogel 
electrolytes.24 The FCNT-coated cellulose paper (FCP) electrodes are prepared by simply drop-
casting the FCNT onto the cellulose papers. After that, copper foils were attached onto the 
prepared FCP electrodes through silver paste and used as electric connection for electrochemical 
tests. According to the measurement (figure S3.1), the weight of the single electrode is around 30 
mg and the area of the electrode is 2x3 cm2. It is necessary to mention that, for single electrode, 
the active area that contacts with the electrolyte is 2x2 cm2 and its corresponding mass loading of 
the active material is about 0.5 mg. The extra 1x2 cm2 area of the electrode is used to make 
connection with copper foil through silver paste and protected by plastic film and is considered 
inactive for energy storage. 
3.3.3 Assembly of the solid-state hybrid supercapacitor 
The solid-state hybrid supercapacitor was fabricated through a simple freeze-thaw 
method. In detail, two pieces of FCP electrodes were soaked into the acidic and neutral PVA 
solutions, respectively, under a vacuum condition for 2 hrs, in order to make sure that the PVA 
solutions were fully adsorbed by the electrode material. Then, a Nafion 117 membrane (as 
separator) was inserted in between the two prepared FCP electrodes and the sandwich sample 
was frozen in the refrigerator at -80 oC for 12 hrs. After thawing for 30 min at room temperature, 
the solid-state hybrid supercapacitor was obtained (The schematic illustration of this 




3.3.4 Instrumental Characterization 
Thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC) and mass 
spectrum (MS) data were collected from a Netzsch STA449 F1 DSC/TGA-MS/IR (Netzsch, 
USA). Scanning electron microscopy (SEM) was recorded on a FEI Quanta 250 FEG Scanning 
Electron Microscope (FEI, USA). Transmission electron microscopy (TEM) image was collected 
by 2007 JEOL 2100 200 kV scanning and transmission electron microscope. Raman 
spectroscopy was tested by using DXR Disperse Raman Microscope (Thermal scientific inc., 
USA). Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 
galvanostatic charge and discharge (GCD) were obtained on a potentiostat/galvanostat system 
(Gamry Reference 3000 Electrochemical Station, Gamry, USA). Before the tests, all prepared 
supercapacitors were activated by running a 5-cycle CV (0-1.6 V) at the scan rate of 30 mV/s 
and, then, pre-charging the cell at a constant current density of 2 A/g to 1.6 V for 1 h. After 
activation, large amount of 𝐵𝑟4" were generated on the surface of positive electrode (as shown in 
equation 1). All the electrochemical tests were done at room temperature. 
3.3.5 Other calculation equations 
The average specific capacitance of the supercapacitor (𝐶<=$$, F/g), coulombic efficiency 
(𝜀<), energy density (𝐸, Wh/kg) and average power density (𝑃, W/kg) were calculated according 











   (3) 
𝐸 = 𝐼 ∫𝑉𝑑𝑡                          (4) 
𝑃 = J
*




where 𝐼 is the current density (A/g, the total mass loading of active material is 1 mg for 
one cell), 𝑡 is the time (𝑡#K8<L;(M= is the discharge time and 𝑡<L;(M= is the charge time), 𝑉 is the 
voltage (𝑉K is the initial voltage and 𝑉: is the final voltage) during the discharge process.25, 26, 27 
3.4 Results and discussion 
 
Figure 3.1. (a) Ionic conductivity of the acidic PVA-BC-LA-LiBr hydrogel with different amounts 
of LiBr and (b) photographs of the flexible acidic PVA-BC-LA-LiBr hydrogel. (c) TGA-DSC and 
(d) 3D mass spectrum (with respect to temperature) of acidic PVA-BC-LA-LiBr hydrogel. (e) 
Ionic conductivity of the neutral PVA-BC-SA-LiBr hydrogel with different amounts of LiBr and 
(f) photographs of the flexible neutral PVA-BC-SA-LiBr hydrogel. (g) TGA-DSC and (h) 3D mass 
spectrum (with respect to temperature) of neutral PVA-BC-SA-LiBr hydrogel. 
 
In order to optimize the performance of the supercapacitor, the ionic conductivity of the 
electrolyte has to be adjusted to the best value by tuning the content of the LiBr salt. It is 
reported that the ionic conductivity of the solid-state hydrogel polymer electrolyte can be 
measured by using EIS test and the related calculation equation is 
                                                  𝜎 = N
O+×B
× 1000 (mS/cm)              (6) 
Where 𝐿 (cm) and	𝑆 (cm2) is the distance between the two testing stainless steel 
electrodes and the geometric area of the electrode/electrolyte interface, respectively.28 𝑅8 (Ω) is 
the resistance of the solid-state electrolyte, which is measured from the value of intercept of 
Nyquist plot with the real axis through EIS test.29 As shown in figure 3.1a, the ionic conductivity 
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be observed that, with the increase of LiBr from 2.5 to 3.5 g, the ionic conductivity increases 
quickly and reaches the highest value of 15.2 mS/cm, when the amount of LiBr is 3.5 g. It is 
because that LiBr here can provide free ions for improving the ionic conductivity of the 
hydrogel. However, as the amount of added LiBr is beyond 3.5 g (from 3.5 to 4.5 g), the ionic 
conductivity of the electrolyte will decrease gradually, which can be explained by the reason that 
higher amount of LiBr can cause the aggregation of free ions and the crystallization of LiBr in 
hydrogel polymer electrolyte system, which results in the decrease of ionic conductivity.30, 31 
Figure 3.1b illustrates that the prepared acidic PVA-BC-LA-LiBr hydrogel can be stretched and 
twisted and still return to its original form, revealing its excellent mechanical property and great 
potential for making flexible devices. To study the condition of water in acidic PVA-BC-LA-
LiBr hydrogel, TGA and DSC analysis was performed in the argon atmosphere from room 
temperature to 210 oC at a heating rate of 5 oC/min. As the TGA curve shown in figure 3.1c, 
starting at 35 oC, it can be observed that the mass of the hydrogel keeps dropping and maintains 
91.9 % of its initial weight when the temperature reaches 100 oC. From the DSC curve, the 
maximum heat flow is also located at around 100 oC, which is corresponding to the boiling point 
of water. After 100 oC, the mass of the hydrogel still drops at a high rate and reaches a plateau 
with 82.1 % of its initial weight at the final temperature of 210 oC. The components of the mass 
loss at different temperatures are detected by the mass spectrum versus temperature shown in 
figure 3.1d. It can be recognized that, the majority of the mass loss during the test is contributed 
by the single component with the mass weight of 18 (from about 40 to 190 oC), which is ascribed 
to water molecules (figure S3.2a).  It is worth to notice that, besides the peak value of mass loss 
at around 100 oC, the water molecules continue to come out from the hydrogel until 170 oC, 




besides the free water, there is also another type of water called freezable bound water existing in 
the hydrogel, which plays a significant role in maintaining the flexibility and stiffness of the 
PVA based hydrogel.32, 33, 34 In addition, the same tests have also been done on the neutral PVA-
BC-SA-LiBr hydrogel shown in figure 3.1e-h. From figure 3.1e, the maximum ionic 
conductivity (17 mS/cm) of the neutral PVA-BC-SA-LiBr hydrogel is obtained when 3.5 g of 
LiBr is added. Figure 3.1f shows that neutral PVA-BC-SA-LiBr hydrogel has the same 
mechanical property as acidic PVA-BC-LA-LiBr hydrogel. From the TGA, DSC and mass 
spectrum shown in figure 3.1g and h, the mass loss trend is similar to the result from neutral 
PVA-BC-SA-LiBr hydrogel and, at 210 oC, 82.8% of its initial weight is maintained. The main 
part of mass loss is found from 50 to 170 oC and can be attributed to water molecules as well 
(figure S3.2b).  
 
Figure 3.2. (a) SEM image (500 x, scale bar: 50 um) and photograph (inset) of cellulose paper. (b) 
SEM image (500 x, scale bar: 50 um) and photograph (inset) of FCNT-coated cellulose paper 
electrodes. (c) High-magnification SEM image (5000 x, scale bar: 5 um) of the area enclosed by 









The structure and morphology of the FCP electrode are characterized by SEM. Figure 
3.2a shows the SEM image of the pure cellulose paper (The photograph of cellulose paper is 
displayed in the inset). It can be observed that the cellulose paper is made of cross-linked fibers 
with the average diameter of about 15 um. After the drop-casting process, as shown in figure 
3.2b, the flexible and conductive FCP electrodes are prepared (displayed in the inset) and FCNT 
well infiltrates into the macroporous structure of cellulose fibers, which grants the high 
conductivity to the cellulose paper. Furthermore, figure 3.2c gives a high-magnification SEM 
image of the area enclosed by the red box from figure 3.2b. It is recognized that FCNT not only 
infiltrates into interspace of the cellulose network, but also covers the surface of the cellulose 
fibers, revealing the good adsorption of FCNT into cellulose papers merely through an easy 
drop-casting method. Besides, figure 3.2d shows the Raman spectroscopy of FCNT at 532 nm. It 
can be observed that the peak at around 153 cm-1 can be ascribed to the radical breathing mode 
and the peak at 1588 cm-1 is G mode. The vibration at 1342 cm-1 can be attributed to D mode, 
which reflects the degree of structural detects.35, 36 The intensity ratio of D mode to G mode 
(ID/IG) of the FCNT is 0.025, which is marginally higher than that (ID/IG=0.018) of raw CNT 
displayed in figure S3.3, indicating the functionalization only affected the structure of CNT 
slightly. In addition, the single-wall structure of FCNT is confirmed by TEM as shown in figure 
S3.4. 
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The schematic of supercapacitor (SC) made of asymmetric acid and neutral electrolytes 
(hereafter denoted as LA-SA hybrid SC) are shown in figure 3.3a. Briefly, a catholyte (which is 
acidic PVA-BC-LA-LiBr hydrogel), an anolyte (which is neutral PVA-BC-SA-LiBr hydrogel), 
and a separator (made of Nafion 117 membrane) are sandwiched between two FCP electrodes. 
Then, an Ag wire was inserted into the catholyte and used as a pseudo-reference electrode. After 
the freeze-thaw process for overnight, the cell is wrapped by a plastic tape for protection purpose 
and its photograph is shown in figure 3.3b. For comparison purpose, a cell with only acid 
electrolyte (hereafter denoted as LA hybrid SC) and a cell made of neutral electrolyte (hereafter 
denoted as SA hybrid SC) are also prepared for further tests, respectively. 
 
Figure 3.4. (a) GCD profiles of LA-SA hybrid SCs with various voltage windows at the current 
density of 2 A/g. (b) Discharge specific capacitance (considering the total mass of active material 
in the supercapacitors) and (c) coulombic efficiencies of LA-SA hybrid SC, LA and SA hybrid 
SCs calculated from GCD tests with various voltage windows at the current density of 2 A/g. (d) 
CV curves of LA-SA hybrid SC obtained at different voltage windows. 
 
The GCD profiles of LA-SA hybrid SC at different voltage windows (from 1 to 1.8 V) 






linearly which indicates the charge storage mechanism of LA-SA hybrid SC is not merely 
electric double layer but involves faradic redox reactions. Besides, as the increase of applied 
voltage, it is reasonable to see that the charge and discharge time are increased.  The specific 
capacitances calculated from the discharge processes of different voltages and their 
corresponding coulombic efficiency are plotted in figure 3.4b and c, respectively. Evidently, the 
specific capacitances and coulombic efficiencies of LA-SA hybrid SC are overall larger than 
those of SA and LA hybrid SCs. In detail, with the increase of voltage window from 1 to 1.8 V, 
the specific capacitance of LA-SA hybrid SC increases from 33 to 48 F/g, while its coulombic 
efficiency drops from 112.6 % to 90.6 %. For SA hybrid SC, with the increase of voltage 
window from 1 to 1.7 V, its specific capacitance increases from 18 to 23 F/g and the 
corresponding coulombic efficiency drops from 93.8 % to 78.6 %. As the voltage window of LA 
hybrid SC is increased from 1 to 1.7V, the specific capacitance increases from 27 to 33 F/g, but 
the coulombic efficiency decreases from 97.3 % to 84.5 %.  
The reason of LA-SA hybrid SC with the coulombic efficiency over 100% at 1 V is 
discussed below. As shown in figure S3.5, the GCD curve of LA-SA hybrid SC at 1V, the 
discharge time is a little bit longer than its charge time which makes the coulombic efficiency to 
be higher than 100%. This result can be explained by the analysis of the corresponding potential 
variation profiles (vs. Ag wire) of positive and negative electrodes shown in figure S3.5 (red and 
blue curves). For the charge process, the potential of the positive electrode stabilizes at around 1 
V (vs. Ag wire) as a plateau, representing the oxidation reaction of 𝐵𝑟" to 𝐵𝑟4", and the 
potential of negative electrode shows a linear drop, indicating the behavior of electric double 
layer capacitor (EDLC). For the discharge process, the potential of positive electrode also gives a 




electrode not only shows the electric double layer behavior, but also exhibits a pseudo-capacitive 
behavior: the potential profile’s slope changes at around 0.4 V vs. Ag wire. This change of slope 
corresponds to the nascent hydrogen (H) desorption peak around 0.4 V vs. Ag wire in figure 
3.6c, indicating that H desorption occurs. The desorption process of nascent H on the negative 
electrode helps extend the discharge time.37 As a result, the coulombic efficiency is over 100%.  
The adsorbed H is produced through a pre-activation process, which is applied after the 
SC is fabricated to generate 𝐵𝑟4" in the catholyte for improving the reversibility of 𝐵𝑟"/𝐵𝑟4" 
redox reaction. Briefly, during the GCD activation process, the supercapacitor is charged to 1.6 
V and kept at this voltage for 1 hour. The potential of negative electrode reaches about -0.6 V 
(vs. Ag wire) and H can be produced (note the H adsorption peak at around -0.5V vs Ag wire in 
figure 3.6c). More detailed information of H electrosorption will be discussed later. As a result, 
the coulombic efficiency is over 100%. 
In order to determine the most suitable voltage window of the LA-SA hybrid SC, CV 
curves obtained at different voltage windows are analyzed together with coulombic efficiency. It 
is necessary to mention that high coulombic efficiency is essential for a battery-type 
supercapacitor device with a high energy density. Therefore, using coulombic efficiency as one 
of the criteria to determine the operating voltage window of SC is reasonable and has been used 
in many publications.22, 38, 39 As shown in figure 3.4d, comparing with the CV curves obtained 
from 1 to 1.5 V, there is a slightly increase of anodic current at 1.6 V, but rapid increase of 
anodic current at both 1.7 and 1.8 V which is caused by the electrolyte decomposition. Besides, it 
can be observed that, with the increase of voltage window, the coulombic efficiency of all three 
SCs decrease. For the trade-off between minimizing the negative effect of electrolyte 




efficiency, 1.6 V was used as the operating voltage window to further investigate the 
electrochemical performance of the LA-SA hybrid SC. The detailed data of figure 3.4b and c can 
be found in table S3.2-3.4. 
 
Figure 3.5. (a) GCD profiles of LA-SA hybrid SC at various current densities with a voltage 
window of 1.6 V.  (b)Discharge specific capacitance and (c) coulombic efficiency of LA-SA 
hybrid SC, LA and SA hybrid SCs at various current densities at the voltage window of 1.6 V. (d) 
Two-electrode CV curves of LA-SA hybrid SC at different scan rates. (e) Leakage current and (f) 
self-discharge profile of LA-SA hybrid SC, compared with our previously reported redox-
mediated aqueous supercapacitor.19  
 
The GCD profiles of LA-SA hybrid SC at different current densities (2, 4, 6, 8, 10 A/g) 
are shown in figure 3.5a. It can be noticed that the GCD curves have obvious non-linear profiles, 
suggesting the faradic processes involved charge storage mechanism. From figure 3.5b, it can be 
observed that the specific capacitance of LA-SA hybrid SC is large than the other two types of 
SCs and the related explanation will be proposed in the later paragraph. With the increase of 
current density from 2 to 15 A/g, its specific capacitance decreases from 47 to 22 F/g, retained 
about 47 % of its initial value, which is not as good as the electric double layer capacitor without 
redox additive, but comparable with Li ion batteries.40 Figure 3.5c gives the coulombic 






1.6 V. It can be recognized that, at all current densities, the coulombic efficiency of LA-SA 
hybrid SC is better than the other two cells. The detailed data can be found in table S3.5-3.7. 
Besides, the CV curves of LA-SA hybrid SC measured in a two electrode system is given in 
figure 3.5d and these curves do not have the rectangular shapes (which can represent the typical 
electric double layer behavior), but show some peaks indicating certain redox reactions have 
happened during the CV tests. In addition, the supercapacitor in the charged state always has a 
thermodynamic driving force to self-discharge due to the higher free energy compared to its 
discharged state.41 For practical application purpose, leakage current and self-discharge are of 
great importance. As shown in figure 3.5e, the leakage current of LA-SA hybrid SC drops 
dramatically from 3.96 mA to 280.4 uA in the first 15 min and stabilized at 169.5 uA after 1 h. 
This small leakage current value indicates less self-discharging reactions caused by less shuttling 
of redox species between the anolyte and catholyte.18 According to figure 3.5f, after 24 h’s 
measurement, the voltage of LA-SA hybrid SC retained about 0.837 V from 1.6 V, which is 
around 52.3 % of its initial voltage. This result is better than our previously reported redox-
mediated aqueous supercapacitor (which retained about 0.717 V from 1.5 V) due to the less 
shuttling of redox species in the solid-state electrolyte and the effective electrolytes separation 





Figure 3.6. (a) Stability diagram of water and (b) potential variation profiles (vs. Ag wire) of 
positive and negative electrodes. (c) CV curves of negative electrode scanned at different potential 
range through a three electrode system and the scan rate is 10 mV/s. (d) CV curves of positive 
electrode through a three electrode system (10 mV/s). 
 
Figure 3.6a gives the stability diagram of water calculated by the Nernst equation 𝐸 =
𝐸) − 0.059 × 𝑝𝐻 (V), which reflect the changes of oxidization and reduction potentials for 
water versus the pH values at room temperature when no overpotentials exist.42, 43, 44 In detail, as 
the pH increases from 0 to 14, the water oxidation potential (i.e. oxygen evolution reaction, OER 
represented by red full line) shifts from 1.229 to 0.403 V (vs. NHE) and, similarly, with the 
increase of pH value (from 0 to 14), the water reduction potential (i.e. hydrogen evolution 
reaction, HER represented by blue full line) decreases from 0 to -0.826 V. Besides, the potential 
of 𝐵𝑟"/𝐵𝑟4" redox reactions (equation 1) is also marked in figure 3.6a (represented by yellow 
dash line).37, 38 
The potential variations of the positive and negative electrodes of LA-SA hybrid SC 
during GCD tests (at the current density of 2 A/g) are detected by using Ag wire as pseudo-
reference electrode and shown in figure 3.6b. It can be observed that, during the charge process, 




which can be ascribed to the oxidation reaction of 𝐵𝑟" to 𝐵𝑟4" (1.066 vs. NHE) in equation 1. In 
the discharge process, the potential of positive electrode drops slowly and exhibits an overall 
stable profile, indicating the reduction reaction of 𝐵𝑟4" to 𝐵𝑟". Therefore, during charge and 
discharge processes, the potential of positive electrode is pinned at the redox potential of 
𝐵𝑟"/𝐵𝑟4", which is within the OER limit (point 1 in figure 3.6a) meaning the overpotential of 
OER does not contribute to the extended voltage window and the voltage window is strongly 
determined by the HER overpotential of the negative electrode. For the potential of negative 
electrode, the non-linear potential variation profiles during both charge and discharge processes 
indicate that the charge storage mechanism of negative electrode is not only electric double layer 
but also involves some faradic processes, considering the plateaus observed at around -0.4 V (in 
charge process) and 0.4 V (in discharge process).  As reported by work from Frackowial’s group, 
during the charge process, the decomposition of water-based electrolyte on negative electrode 
made of carbon may result in the production of nascent hydrogen (H) before the hydrogen (H2) 
evolution.23, 47, 48 ,49 The corresponding chemical reaction equation is shown equation 7. Then, the 
produced nascent H is partially adsorbed and fixed on the surface of carbon material as shown in 
equation 8. After that, the desorption of nascent H following the inverse of equation 8 will occur 
in the discharge process. The overall nascent hydrogen electrosorption (including adsorption and 
desorption processes) can be summarized by equation 9.48, 49 
𝐻!𝑂 + 𝑒" ↔ 𝐻 + 𝑂𝐻"                       (7) 
〈𝐶〉 + 𝑥𝐻 ↔ 〈𝐶𝐻Q〉                              (8) 
𝐶 + 𝑥𝐻!𝑂 + 𝑥𝑒" ↔ 〈𝐶𝐻Q〉 + 𝑥𝑂𝐻"  (9) 
Where 〈𝐶〉 represents the carbon material and 〈𝐶𝐻Q〉 represents the hydrogen adsorbed 




happen at the negative electrode of the LA-SA hybrid SC, the CV curve was tested from the 
negative electrode, which is obtained by scanning a three-electrode cell between -0.6 V-0.8 V 
(blue full line in figure 3.6c), with the SC’s negative electrode as the working electrode, an Ag 
wire as the pseudo-reference electrode, and the SC’s positive electrode as the counter electrode 
in a LA-SA hybrid SC. It can be observed that the peak at around -0.4 V (vs. Ag wire) is the 
adsorption of nascent H and the peak at around 0.4 V (vs. Ag wire) can be ascribed to the 
desorption of nascent H, which agrees with Frackowial and coworkers’ report. The 
electrosorption of nascent H can enhance the pseudo-capacitance of supercapacitors and extend 
the overpotential for HER.37, 50 ,51 In addition, a CV curve, tested from the same three-electrode 
cell but with a potential range of -1 V-0.8 V vs. Ag wire, is also plotted in figure 3.6c (pink dash 
line in figure 3.6c). This curve is mostly overlapped with the previous CV curve, but the extra 
potential scan to -1 V (vs. Ag wire) induces a rapid increase of reduction current indicating that 
the generation of H2 starts at around -0.7 to -0.8 V, lower than the operating potential limit of the 
negative electrode (-0.6 V vs. Ag wire, point 6 in figure 3.6a). In addition, no obvious potential 
plateau at -0.6 V vs Ag wire is observed from the GCD curve (figure 3.6b). These observations 
serve as strong evidence that HER does not happen at the negative electrode probably due to 
extended HER overpotential. This can further justify our previous discussion on the 
determination of operational voltage window to avoid excessive generation of H2 at the negative 
electrode.  
Moreover, to confirm the 𝐵𝑟"/𝐵𝑟4"  redox activity at the cathode, another CV test is 
performed between 0 to 1V vs. Ag wire using the positive electrode as working electrode, an Ag 
wire as the pseudo-reference electrode and negative electrode as the counter electrode (figure 




wire) is achieved during the forward scan and, during the backward scan, the reduction peak is 
located at around 0.76 V (vs. Ag wire), revealing the good reversibility of the reaction. In 
addition, this CV has the same shape as those reported for 𝐵𝑟"/𝐵𝑟4" reaction, which further 
demonstrates the occurrence of 𝐵𝑟"/𝐵𝑟4"  redox reaction on the positive electrode.19, 52 
The reasons for the lower specific capacitance of LA hybrid SC is discussed in the 
following. As shown in the electrode potential profiles (figure S3.7a), when operating at the 
voltage window of 1.6V, LA hybrid SC’s positive electrode stays at the redox potential of 
𝐵𝑟"/𝐵𝑟4" with the catholyte’s pH value of 1.42 (point 2 in figure 3.6a), similar to that of the 
LA-SA hybrid SC. However, its negative potential shows less significant plateau during both 
charge and discharge processes compared with that of LA-SA hybrid SC, indicating weakened H 
electrosoprtion on the carbon surface in the acidic condition of anolyte.51 The weaker H 
electrosorption on the negative electrode of LA hybrid SC compared with that of LA-SA hybrid 
SC could explain why the former has lower pseudo-capacitance than the later. In addition, the 
lower potential limit of the negative electrode (-0.6 V vs Ag wire) is well below the 
thermodynamic HER potential for the LA electrolyte (point 3 in figure 3.6a). Hence, the 
potential plateau towards the end of charge is most likely due to the irreversible HER, which 
could also reduce the capacitance of the LA hybrid SC. The lower coulombic efficiency of LA 
hybrid SC (89.8 %) compared with LA-SA hybrid SC at 1.6 V voltage window (97.6 %) also 
indicates that more significant irreversible HER happen in LA hybrid SC. 
Similarly, the SA hybrid SC also has lower discharge capacitance than LA-SA hybrid 
SC. But unlike the case of LA hybrid SC, the irreversible redox reaction at the positive electrode 
is the cause for its low capacitance. According to the potential variation profile of SA hybrid SC 




about 0.73 V (vs. Ag wire) instead of the potential of  𝐵𝑟"/𝐵𝑟4" redox reaction (1.009 V vs. Ag 
wire or 1.066 V vs. NHE) or the thermodynamic OER potential in pH=7.03 (point 6 in figure 
3.6a). Besides, it has been reported that under SA electrolyte’s neutral pH condition, it is more 
likely for the 𝐵𝑟" to turn into 𝐵𝑟𝑂" rather than 𝐵𝑟4" and the corresponding reaction equation is 
given by equation 10.53 The redox potential for 𝐵𝑟"oxidized to 𝐵𝑟𝑂" is 0.76 V (vs. NHE), 
which agrees with the potential measured through Ag wire pseudo-reference electrode (0.73 V 
vs. Ag wire in figure S3.7b). After 𝐵𝑟𝑂" is generated it will be spontaneously converted to 
𝐵𝑟𝑂4" and 𝐵𝑟" following a disproportionate reaction shown in equation 10.54 
𝐵𝑟" + 2𝑂𝐻" → 𝐵𝑟𝑂" + 𝐻!𝑂 + 2𝑒", E0=0.76 V vs. NHE (10) 
3𝐵𝑟𝑂" → 𝐵𝑟𝑂4" + 2𝐵𝑟"      (11) 
Due to the spontaneous reaction of (11), the reaction of (10) becomes highly irreversible, 
which is reflected by the fast decrease of positive electrode potential during discharge. Because 
of the irreversibility, the discharge capacitance of SA hybrid SC is greatly reduced compared to 
that of LA-SA hybrid SC, whose cathode reaction is dominated by the highly reversible 
𝐵𝑟"/𝐵𝑟4" redox reaction because the reaction of (10) was suppressed in its acidic catholyte.53 
 
Figure 3.7. (a) CV curves of the LA-SA hybrid SC with bending angles of 0o, 45o, 90o, 135o and 
180o at a scan rate of 30 mv/s. (b) Capacitance retention during a 10000 cycle test at the current 
density of 10 A/g, its coulombic efficiency (inset) during this 10000 cycles and the LED driven by 





In order to evaluate the potential of the LA-SA hybrid SC as flexible energy storage 
device, the CV performance of the LA-SA hybrid SC is tested under different bending angles 
(0o, 45o, 90o, 135o and 180o) at a scan rate of 30 mv/s shown in figure 3.7a. It can be observed 
that the CV curves at different bending conditions are almost the same, indicating that the 
bending has nearly no effect on the capacitive performance. The cyclic stability of LA-SA hybrid 
SC is shown in figure 3.7b. It is noticed that about 93.4 % of the initial discharge capacitance can 
be retained after 10000 cycles at a high current density of 10 A/g, demonstrating its good cyclic 
stability at high current loading. The coulombic efficiency during the 10000 cycles (shown in the 
inset) is consistently close to 100%, further suggesting its good cyclic stability. However, when 
the lower current densities (such as 6 A/g and 2 A/g) are applied, the measured capacitances 
have more degradation (shown in figure S3.9). This may be caused by the diffusion of generated 
𝐵𝑟4" away from the FCNT surface which results in the irreversibility of 𝐵𝑟"/𝐵𝑟4"	 redox 
reactions. In order to solve the diffusion of soluble redox couples in redox-enhanced 
electrochemical capacitor, Seung Joon Yoo et al. recently proposed that if the reactant of 
reversible redox couples is water soluble but the product after charging process is in solid state, 
by immobilizing the solid product on the surface of porous electrode material, the cycle life of 
the capacitor can be dramatically increased.21 Therefore, this strategy will be investigated in our 
future work to solve the capacitance decay problem. 
As shown in figure S3.6, after cycling test, the color of the electrolyte near anode (or 
positive) electrode turned into yellowish color, which is characteristic of 𝐵𝑟4".19, 45 Since 𝐵𝑟𝑂4" is 
colorless in solution, this visual inspection confirms that the irreversible reaction given in 
equation 9 and 10 did not occur at the cathode of the LA-SA hybrid SC, demonstrating the 




powered by two LA-SA hybrid SCs connected in series is also displayed in the inset of figure 
3.7b. The energy density and power density of the LA-SA hybrid SC are calculated and plotted 
in Ragone plot shown in figure 3.7c. The highest energy density of LA-SA hybrid SC is 16.3 
Wh/kg obtained at 2A/g with the power density of 932.6 W/kg when the SC is charged to 1.6 V. 
Besides 1.6 V, the corresponding data of LA-SA hybrid SC measured at the voltage window of 
1.7 and 1.8 V are also given in table S3.2. It can be noticed that, comparing with the data 
obtained from 1.6 V, the energy density and power density of LA-SA hybrid SC obtained from 
1.7 V is 18.9 Wh/kg and 985.5 W/kg. The energy density and power density increase to 21.1 
Wh/kg and 1017.3 W/kg when it operates at 1.8 V. The performance from other recently 
reported work using PVA hydrogel electrolyte are also included in figure 3.7c for comparison 
and detailed description is shown in table S3.8.10, 11, 12, 14, 15, 40 ,57, 58 It is necessary to mention that 
the some of the reported results may be overestimated, since they used 𝐶<=$$ =
F∙R*
R&∙S
 (rather than 
equation 2) to calculate the specific capacitance while their GCD curves is clearly non-linear, 
where 𝐼 is the discharge current, Δ𝑡 is the discharge time, Δ𝑉 is the voltage drop during the 
discharge process (excluding IR drop) and 𝑚	is the total mass of the active material from the two 
electrodes.25 
3.5 Conclusion 
Novel solid-state supercapacitor made of redox-active hydrogel electrolytes and 
functionalized carbon nanotube coated cellulose paper (FCP) electrodes has been developed in 
this work. Specifically, acidic PVA-[BMIM]Cl-Lactic acid-LiBr and neutral PVA-[BMIM]Cl-
Sodium acetate-LiBr hydrogel polymer electrolytes are prepared through a combination of 
solution casting and freeze-thaw method, and later used as catholyte and anolyte, respectively. 




different pH values of the hydrogel electrolytes, as adjusted by the lactic acid and sodium 
acetate, bring three major benefits for enhancing the energy density of the hybrid supercapacitor: 
(1) it results in high cathode capacitance contributed from reversible 𝐵𝑟"/𝐵𝑟4" redox reaction on 
positive electrode; (2) it brings high voltage window mostly extended by negative electrode; and 
(3) it increase the anode capacitance by the electrosorption phenomenon of nascent H on 
negative electrode. As a result, the prepared solid-state hybrid supercapacitor shows a broad 
voltage window of 1.6 V at coulombic efficiency of 97.6 % and the highest energy density of 
16.3 Wh/kg with power density of 932.6 W/kg at 2A/g. After 10000 cycles of GCD tests at 
10A/g, it exhibits great cyclic stability with 93.4% retention of the initial capacity. In addition, 
robust capacitive performance can also be observed from the solid-state supercapacitor at 
different bending angles (0o, 45o, 90o, 135o and 180o), indicating its great potential as a flexible 
energy storage device. Future work will be to investigate strategies to immobilize the redox pair 
inside the porous electrode to improve the cyclic stability of the hybrid SC and to eliminate the 
use of expensive separator membrane such as the Nafion 117.21   
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4.1 Abstract 
Using bimetallic oxide as the electrode material of supercapacitor is emerging as a 
promising approach to supply better pseudocapacitive performance than that from the electrodes 
made of corresponding single metal oxides. Herein, Ni-Mn bimetallic oxide nanosheets (Ni-
MnBMO) on carbon cloth substrate were synthesized through a facile hydrothermal method. 
With the help of cyclic voltammetry activation process, the prepared A-Ni-MnBMO electrode 
exhibits the maximum specific capacitance 574 F g-1 (within a potential range of -0.2-1.2 V vs. 
Ag/AgCl at 1 A g-1 after excluding the effects of OER) mainly due to the reversible redox 
reactions of Mn3+/Mn4+. Moreover, to prove its potential as the positive electrode in a 
supercapacitor, an asymmetric supercapacitor with a voltage range of 2.1 V is fabricated by 
using functional carbon nanotube as the negative electrode and 1M Na2SO4 as the electrolyte. As 
a result, the device can deliver a maximum energy density of 27 Wh kg-1 (at 0.5 A g-1) and 82.3 
% of its initial specific capacitance can be maintained after 8000 cycles of galvanostatic charge 
and discharge tests at 4 A g-1. 
4.2 Introduction 
With the rapid development of renewable electricity generation technologies and modern 




time in the past.1, 2, 3 Among the existing energy storage technologies, supercapacitors have 
attracted worldwide attention of the researchers due to its long cycle life, fast charge/discharge 
rate and high power density.4, 5, 6 However, because of their intrinsically low energy density 
compared with batteries, the applications of traditional supercapacitors in practical situations are 
still hindered, motivating researchers to keep investigating new supercapacitors with improved 
performance. Recently, asymmetric supercapacitors (ASCs) consisting of one pseudocapacitve 
electrode and one electric double-layer capacitive (EDLC) electrode in aqueous electrolyte is 
emerging quickly. The energy density of ASCs can be dramatically boosted by the fast reversible 
redox reactions on the surface of pseudocapacitive electrodes (such as metal oxides and 
conductive polymers), while the relatively high power density can still be maintained owing to 
the characteristics of the EDLC electrode (which stores charges through the surface 
adsorption/desorption of ions).7, 8, 9 Furthermore, this asymmetric design can help extend the 
operating voltage window of supercapacitors beyond the thermodynamic limit of aqueous 
electrolyte (1.23 V) to about 2 V. 8, 10 Therefore, ASCs can be considered as one of the most 
suitable energy storage devices that has the capability of bridging the energy/power performance 
gap between batteries and conventional capacitors. 
Many materials have been investigated as electrode materials for ASCs. It is well known 
that EDLC electrode is typically made of high-surface-area carbon materials (e.g. carbon 
nanotube, graphene and activated carbon) and their corresponding performances have been 
thoroughly researched.11, 12 On the other hand, transition metal oxides, hydroxides, sulfides, 
phosphides with redox activities within the electrochemical window of aqueous electrolytes have 
been investigated as possible pseudocapacitive electrode materials for ASCs.5, 13, 14 Among these, 




cost (compared with RuO2), low toxicity, abundance in the Earth’s crust, high work function and 
large theoretical specific capacitance (about 1370 F g-1), etc.15, 16 After Lee and Goodenough 
firstly used amorphous MnO2·nH2O as the supercapacitor electrode in 2 M KCl electrolyte and 
showed the specific capacitance of 200 F g-1 (at 5 mV s-1), many more have investigated MnO2 
with novel morphologies and structures in order to achieve electrodes with larger specific 
capacitances and devices with higher energy densities.17, 18 For example, Vinny et al. synthesized 
bristle-like α-MnO2 nanoparticles on multiwall carbon nanotube which exhibited a specific 
capacitance of 255 F g-1 (at 2 mV s-1) in 1M Na2SO4.19 Lee et al. successfully embedded 
mesoporous MnO2 into carbon nanotube network (MnO2@CNT) and the obtained electrode 
material showed a specific capacitance of 337 F g-1 (1 mV s-1) in 1 M Na2SO4.6 Obviously, these 
experimental results are still much lower than the theoretical specific capacitance. Thus, it is still 
necessary for researchers to exploring new types of MnO2 based pseudocapacitive electrode 
materials.  
Recently, it has been reported that mixed metal oxides (MMOs), typically bimetallic 
oxides (BMO) containing at least one transition metal element, can exhibit improved 
pseudocapacitive performance with more active sites, higher stability and better electrical 
conductivity than their corresponding single metal oxides due to the synergetic effects between 
the two metal elements.20, 21, 22, 23, 24, 25, 26 Therefore, it is expected that by incorporating other 
metal elements (such as Ni) into MnO2, the prepared BMO electrode may exhibit better 
pseudocapacitive performance than that of MnO2 electrode. In addition, Jabeen et al. proposed 
that the pseudocapacitance of MnO2 can be enhanced by incorporating Na ion into MnO2 to 
partially reduce Mn4+ in MnO2 to Mn3+ in order to induce the Mn3+/Mn4+ redox reactions.27, 28 




has higher valence state than Na+, it is expected to produce more Mn3+ and induce more 
pseudocapacitance from Mn3+/Mn4+ redox reactions. 
Herein, a facile one-step hydrothermal method is reported to synthesize Ni-Mn bimetallic 
oxide (Ni-MnBMO) nanosheets on the surface of carbon cloth substrate. The synthesized Ni-
MnBMO nanosheets were then electrochemically activated by cyclic voltammetry (CV) and 
used as the electrode of a supercapacitor in the neutral 1M Na2SO4 electrolyte. The activated Ni-
MnBMO electrode (A-Ni-MnBMO) achieves the maximum specific capacitance value of 510 F 
g-1 (at 5 mV s-1) from CV test, which is much larger than the result from the MnO2 electrode. It is 
found that the pseudocapactive performance of A-Ni-MnBMO electrode is contributed by the 
redox reactions of Mn3+/Mn4+ along with Na+ insertion/desertion process. The reversibility and 
activity of this key redox reaction in A-Ni-MnBMO are improved by the combination of 
introduced Ni element (which can change the electronic structure of MnO2) and Na+ 
insertion/desertion (which can create more active sites on electrode material during the activation 
process). In order to demonstrate A-Ni-MnBMO electrode as a potential positive electrode 
material for energy storage applications, an ASC with a voltage window of 2.1 V named as A-
Ni-MnBMO//FCNT supercapacitor is fabricated by incorporating A-Ni-MnBMO electrode as 
positive electrode and functional carbon nanotube (FCNT) as negative electrode in 1M Na2SO4 
electrolyte. The device exhibits a maximum energy density of 27 Wh kg-1 (at 0.5 A g-1) with a 
power density of 486.6 W kg-1 and 82.3 % of its initial specific capacitance can be retained after 






Carbon cloth (ELAT® hydrophilic plain-cloth, FuelCellsEtc), potassium permanganate 
(KMnO4, Fisher Chemical, formula weight: 158.03 g mol-1), iron (III) sulfate pentahydrate 
(Fe2(SO4)3•5H2O, ACROS Organics, formula weight: 489.96 g mol-1 ), nickel nitrate 
hexahydrate (Ni(NO3)2•6H2O, Fisher Chemical, formula weight: 290.82 g mol-1), sulfuric acid 
(H2SO4, Fisher Chemical, formula weight: 98.08 g mol-1, 95-98 % reagent grade), nitric acid 
(HNO3 , Fisher Chemical, formula weight: 63.012 g mol-1, 68-70 % reagent grade) ,sodium 
sulfate (Na2SO4, Fisher Chemical, formula weight: 142.04 g mol-1), deionized water, carbon 
nanotube (CNT, product name: TNSAR, Timesnano, single wall, purity: > 95 %, specific surface 
area: > 1075 m2 g-1) and kapton polyimide film (McMaster-Carr, USA). All chemical reagents 
are in analytical grade and used as received. 
4.3.2 Synthesis of A-Ni-MnBMO electrode 
A-Ni-MnBMO electrode was synthesized on carbon cloth by a facile hydrothermal 
process. Typically, 0.69 g Ni(NO3)2•6H2O and 0.125 g KMnO4 (which implies the molar ratio 
between Ni and Mn elements is 1.5 : 0.5 in the precursor) were dissolved in 80 mL of deionized 
water and, then, 0.048 g Fe2(SO4)3•5H2O and 18 µL H2SO4 were also added into the solution 
with magnetic stirring at room temperature for 20 min. The resulting solution was transferred 
into a 100 mL autoclave in which a piece of carbon cloth with the dimension of 4x4 cm2 was 
vertically placed. After that, the autoclave was heated to 150 oC in a box oven and maintained at 
this temperature for 6 h. Then, the sample was taken out of the autoclave at room temperature 
and washed by deionized water and ethanol for several times to remove the loosely attached 




loading of Ni-Mn bimetallic oxide electrode (Ni-MnBMO) is about 0.5 mg/cm2. Then, the 
sample was activated via cyclic voltammetry (CV) scans between -0.2 and 1.3 V (vs. Ag/AgCl) 1 
M Na2SO4 electrolyte for 1000 cycles to obtain A-Ni-MnBMO electrode. At the 500th cycle, the 
cycling was stopped to replace the used electrolyte with freshly prepared one and the cycling was 
resumed to complete the rest 500 cycles. Moreover, the electrode samples made of precursors 
with different molar ratios between Ni and Mn elements (such as Ni:Mn=0:2, Ni:Mn=0.5:1.5, 
Ni:Mn=1:1 and Ni:Mn=2:0) were also synthesized and the morphology of these samples are 
investigated by SEM shown in figure S4.1. Besides, the hydrophilic FCNT dispersed in water is 
prepared through a modified acid treatment method.29, 30 Briefly, 100 mg raw single wall CNTs 
were added into 40 mL of acid mixture of sulfuric acid (98 wt %) and nitric acid (69 wt %) with 
a volume ratio of 3:1 and stirred for 10 min at the temperature of 110 °C. The mixture was then 
diluted to 200 mL drop by drop. The obtained FCNT were collected by membrane filtration and 
washed by deionized water to remove residual acids. Finally, the FCNT were uniformly 
dispersed into 50 mL of DI water through a 30 min probe sonication. Then, the prepared FCNT 
was drop casted on the surface of kapton polyimide film to make FCNT electrode. The mass 
loading of a typical FCNT electrode (2x2 cm2) is about 1 mg. 
4.3.3 Preparation of A-Ni-MnBMO//FCNT supercapacitor 
In order to demonstrate that A-Ni-MnBMO electrode can be used as a potential positive 
electrode material for energy storage applications, an ASC named as A-Ni-MnBMO//FCNT 
supercapacitor is fabricated by utilizing A-Ni-MnBMO electrode as positive electrode, FCNT 
electrode as negative electrode and 1 M Na2SO4 as electrolyte. The schematic illustration is 




4.3.4 Calculation equations 
The specific capacitance of different electrodes and devices can be calculated from CV 
curves and GCD curves according to equation (1) and (4), respectively. 
𝐶8@ = [∫ 𝐼𝑑𝑉
&.
&2
/2𝑣𝑚(𝑉! − 𝑉>)] × 10T      (1) 
where 𝐶8@ (F g-1) is specific capacitance, 𝑉! − 𝑉> (V) are potential range of CV, 𝐼 (A) is 
current, 𝑉 (V) is potential, 𝑣 (mV s-1) is scan rate of CV curve and 𝑚 (mg) is the mass loading of 
active materials in electrodes. For a cell level calculation, the value of 𝑚 is 1.5 mg which the 
sum of active material on both electrodes. (In detail, it is the sum of 0.5 mg from A-Ni-MnBMO 
electrode and 1 mg from FCNT electrode.) 
Since the measured discharge curves of electrodes and devices are not strictly linear, in 
order not to overestimate the energy density, the energy density of electrodes and devices are 
calculated by equation (2). The corresponding power density and coulombic efficiency can be 
calculated by equation (3) and (5), respectively. 
𝐸 = 𝐼 ∫𝑉 𝑑𝑡 × 1000/3600       (2) 
Where 𝐸 (Wh kg-1) is energy density, 𝐼 (A g-1) is current density, 𝑉 (V) is the potential or 
voltage from GCD curve and 𝑡 (s) is time. 
𝑃 = 𝐸/𝑡#K8<L;(M=                        (3) 
Where 𝑃 (W kg-1) is power density, 𝐸 (Wh kg-1) is energy density and 𝑡#K8<L;(M= (h) is 
the discharge time. 
𝐶BC = 2𝐸/(𝑉S;-! × 3.6)               (4) 
Where 𝐶8@ (F g-1) is specific capacitance, 𝐸 (Wh kg-1) is energy density and 𝑉S;- (V) is 
the discharge potential or voltage excluding IR drop. 




Where 𝑡#K8<L;(M= (s) is the discharge time of GCD curve and 𝑡<L;(M= (s) is the charge 
time of GCD curve. 
4.3.5 Instrumental characterization 
Scanning electron microscopy (SEM) images, energy dispersive spectroscopy (EDS) and 
the corresponding elemental mapping were recorded on a FEI Quanta 250 FEG scanning 
electron microscope (FEI). X-ray photoelectron spectroscopies (XPS) were tested in a Kratos 
Amicus X-ray Photoelectron Spectrometer (Kratos, Japan). X-ray diffraction (XRD) spectrums 
were measured from a Rigaku XRD SmartLab. CV, electrochemical impedance spectroscopy 
(EIS), and galvanostatic charge and discharge (GCD) curves were obtained on a 
potentiostat/galvanostat system (Gamry Reference 3000 Electrochemical Station, Gamry). The 
reference electrode used in electrochemical tests is Ag/AgCl (immersed in 1 M KCl). 
4.4 Results and discussion 
 
Figure 4.1. (a) XRD spectrums of different sample electrodes. SEM images of Ni-MnBMO 
electrode with different magnifications: (b) 5000x, scale bar: 5 um and (c) 23000x, scale bar: 1 




elemental mapping. The corresponding elemental mapping results for (e) Ni and (f) Mn elements. 
(g) Survey XPS spectrum of Ni-MnBMO electrode. (h) Mn2p core-level XPS spectrum of Ni-
MnBMO and A-Ni-MnBMO electrodes. (i) Ni2p core-level XPS spectrum of Ni-MnBMO and A-
Ni-MnBMO electrodes.  
 
In order to detect structural differences in electrode materials synthesized from precursors 
with and without Ni ions added, XRD is provided in figure 4.1a for detailed analysis. When Ni 
ions are not added into the precursor, the XRD spectrum of the product (in blue color) confirms 
the generation of MnO2 (according to the JCPDS #44-0141) and the valence state of most Mn 
element should be 4+. However, one diffraction peak (around 66 degrees) which can be ascribed 
to Mn2O3 (JCPDS #65-1798) is found, suggesting that not all the precursors have been 
completely transferred to MnO2 after hydrothermal process. The XRD spectrum in magenta 
color gives the result of Ni-MnBMO. Most of the peaks can be indexed to MnO2 (JCPDS #44-
0141) and one peak around 66 degrees can also be indexed to Mn2O3 (JCPDS #65-1798), but its 
intensity becomes much smaller. Interestingly, it can be found that, after Ni ions are added into 
the precursor, several peaks that can be ascribed to other type of MnO2 (JCPDS #12-0141) 
occurs on XRD spectrum. This phase change caused by the addition of Ni element can be used as 
the proof for the formation of Ni-MnBMO with partial substitution of Mn by Ni.31 The XRD 
spectrum of A-Ni-MnBMO electrode only shows a minor difference (which is probably caused 
by Na+ insertion/extraction) from that of Ni-MnBMO electrode, revealing the good stability of 
the material. As shown in figure 4.1b and c, the morphology of Ni-MnBMO electrode is 
investigated by SEM with different magnifications. It can be observed that Ni-MnBMO 
nanosheets with the approximate thickness of 20-30 nm (The thickness of nanosheets are 
measured in figure S4.2) are uniformly grown on the surface of carbon fiber and the space 
among nanosheets can create abundant pathways for transporting active ions from electrolyte to 




(The inset is the selected SEM area for EDS and elemental mapping.) indicates that the atomic 
ratio between Ni and Mn elements is about 11.56 % to 88.44 %, and the corresponding elemental 
mapping images shown in figure 4.1e and f unambiguously demonstrates the homogeneous 
distribution of Ni and Mn elements, suggesting the successfully formation of Ni-MnBMO. The 
surface chemical composition and the chemical states of Ni and Mn elements in Ni-MnBMO and 
A-Ni-MnBMO electrodes are analyzed by XPS. In figure 4.1g, the survey XPS spectrum 
confirms the existence of Ni, Mn, C and O elements which are the signals from the produced Ni-
MnBMO and carbon cloth substrate. Moreover, the atomic ratio between Ni and Mn investigated 
by this survey XPS spectrum is 17.13 % to 82.87 %, which is close to the result measured from 
EDS. The survey XPS spectrum of A-Ni-MnBMO electrode (displayed in figure S4.3a) can not 
only show the signal of Ni, Mn, O and C, but also the signal of Na which can be ascribed to the 
hydrated Na+ ions in the inter-layer of MnO2.32 The chemical states of Mn element in Ni-
MnBMO and A-Ni-MnBMO electrodes are investigated by the high-resolution Mn2p core-level 
XPS spectrum (shown in figure 4.1h). From Ni-MnBMO to A-Ni-MnBMO, the content of Mn4+ 
is decreased from 78.3% to 72.3%, indicating the partial reduction of Mn element from Mn4+ to 
Mn3+. This conclusion can be confirmed by Mn3s core-level XPS spectrum (shown in figure 
S4.3b), where the peak separation value indicates the mean Mn oxidation state and the increase 
of peak separation suggests the reduction of Mn element. The partial reduction of Mn element is 
reported to be caused by the effect of pre-insertion of cation ions during Na+ insertion/desertion 
process.27, 28  The high-resolution Ni2p core-level XPS spectrum of Ni-MnBMO electrode 
(magenta curve shown in figure 4.1i) can be fitted into two spin-orbit doublets and two shake-up 
satellites (marked as Sat.), indicating the presence of Ni2+ and Ni3+. The peaks appeared at 854.6 




sites, respectively.33 The existence of Ni element may come from the partial substitution of Mn 
atoms by Ni atoms during hydrothermal process and the electrochemical behavior of Ni element 
can be affected by the chemical state change of Mn. One evidence to prove this assumption is 
that, after activation process, Mn element has been partially reduced (as discussed above in 
figure 4.1h) and, in the meanwhile, the content of Ni3+ increases (like the calculation result of 
Ni2p3/2 shown in figure 4.1i) from 60.8% to 79.6%, suggesting the partial oxidation of Ni 
element. This kind of simultaneous valence change implies the variation of the electronic 
structure of MnO2, but more information about Ni element in this material still needs to be 
investigated in the future. 
 
Figure 4.2. (a) CV electrochemical activation processes (10 mV s-1) of electrodes produced from 
precursors with Ni/Mn molar ratio of 1.5 to 0.5. (b) The corresponding change of specific 
capacitance during the CV activation processes (hollow circle) and the extra CV tests (solid circle) 
conducted after the activation processes. (c) The comparison of CV curves (10 mV s-1) of 
electrodes with different Ni/Mn molar ratios in precursor at 500th activation cycle. 
 
The electrochemical performances of as‐prepared sample electrodes were investigated in 
a three‐electrode system with 1M Na2SO4 as electrolyte, Ag/AgCl (in 1M KCl) as reference 
electrode and Pt wire as counter electrode. The prepared electrodes were activated 
electrochemically through the 1000-cycle CV within a wide potential window of -0.2-1.3 V (vs. 
Ag/AgCl) at the scan rate of 10 mV s-1. The main purpose of this activation process is to increase 
the active sites within the electrode materials through insertion/extraction of ions during CV 




shown in figure 4.2a (when the Ni/Mn ratio in the precursor is 1.5:0.5), in the first two cycles, 
we cannot find obvious reversible redox reaction peaks, since only a fraction of the material is 
active. Then, after hundreds of CV cycles, a pair of redox peaks around 0.6 V (vs. Ag/AgCl) 
show up and their intensities increase gradually along with the activation process (The potential 
differences between those two peaks also became smaller.), indicating the improvement of the 
pseudocapacitive performance and reversibility of the reactions (which can be ascribed to redox 
reactions of Mn3+/Mn4+ and this will be discussed in later section). This improvement may be 
contributed by the insertion of Na+ ions into the electrode materials during CV cycling. Besides 
the stronger redox peaks, the increasing non-faradaic current (or electric double layer current) of 
the CV plot can also confirm the active sites of the electrode are increased by the activation 
process. The CV electrochemical activation processes of electrodes produced from precursors 
with other Ni/Mn molar ratios are displayed in figure S4.4 a-d and the corresponding calculated 
specific capacitance changes are plotted in figure 4.2b. In detail, when Ni element is not 
introduced into the product, the CV curves of MnO2 (Figure S4.4a) are not rectangular but 
contain a broad and almost irreversible peak, suggesting its weak pseudocapacitive performance. 
Whereas, with the incorporation of Ni element (as shown in figure 4.2a and figure S4.4b-c), 
obvious and reversible peaks can be observed, suggesting that the addition of Ni element can 
help enhance the electrochemical activity of Mn3+/Mn4+ reactions. Besides, when the Ni/Mn ratio 
in the precursor is 1.5:0.5, the specific capacitance of the prepared electrode shows a value of 
279 F g-1 at the first CV cycle and, then, increases to 482 F g-1 at the last activation cycle which 
is much larger than the results from any other ratios (table S4.1). Moreover, the CV comparison 
of electrodes with different Ni/Mn molar ratios in precursor at 500th activation cycle is shown in 




peaks become more and more prominent during CV activation process, especially when Ni/Mn 
ratio is 1.5:0.5. In detail, the peaks around 0.69 V (anodic scan) and 0.57 V (cathodic scan) can 
be ascribed to the oxidation and reduction of Mn3+/Mn4+ redox reactions, respectively, and this 
pair of peaks exhibits the best reversibility as demonstrated by the lowest peak separation value 
comparing to the results from other samples. Likewise, it needs to be mentioned that, the peaks 
around 0.88 V (anodic scan) and 0.66 V (cathodic scan) are the reflection of insertion/extraction 
of Na+ ions.27 Besides the peaks, the CV curves also have a rectangular shape at lower potential 
range (-0.2-0.4V) after activation process, suggesting EDLC behavior. These results can be 
further confirmed by the reported electrochemical mechanism of MnO2 based materials as shown 
in equation (6) and (7): 
                                        𝑀𝑛𝑂! + 𝐶, + 𝑒" ↔ 𝑀𝑛𝑂𝑂𝐶                                (6) 
                                     (𝑀𝑛𝑂!)89(:;<= + 𝐶, + 𝑒" ↔ (𝑀𝑛𝑂!"𝐶,)89(:;<=         (7) 
where 𝐶, indicates alkali metal cations (e.g. 𝑁𝑎, in our case).36, 37 The first equation 
describes the ion insertion/extraction process along with Mn3+/Mn4+ redox reactions. Obviously, 
the occurrence of Mn3+/Mn4+ redox reactions strongly relies on that of Na+ ions 
insertion/extraction process, implying that the whole process may be diffusion-controlled. The 
second equation is based on the surface ion adsorption/desorption mechanism, which is typically 
surface-controlled (Detailed discussion about this topic will be shown in the next section). Thus, 
according to the shape of CV curve and its underlying charge storage mechanism, A-NiMnBMO 
is a pseudocapacitive electrode material.38 In summary, the electrodes made of precursors with 
different Ni/Mn molar ratios exhibit different electrochemical performances and the 
incorporation of Ni element (which is usually found in battery type material) can change the 




electrochemical activity of Mn3+/Mn4+ redox couples can be improved (This conclusion can be 
obtained by comparing the CV curves of electrodes with and without Ni element.) The 
insertion/desertion process of Na+ during activation process can help increase the active sites of 
the material. Under the synergetic influences of these two phenomena, the pseudocapacitive 
performance of A-Ni-MnBMO electrode can be dramatically boosted. In addition, the CV curves 
of the product made from the precursor with Ni/Mn ratio of 2:0 are shown in figure S4.4d. The 
CV comparison of A-Ni-MnBMO electrode and bare carbon cloth is shown in figure S4.4e. The 
CV comparison of A-Ni-MnBMO electrode and electrode produced from precursors with Ni/Mn 
ratio of 2:0 at 500th activation cycle is shown in figure S4.4f.  
 
Figure 4.3. (a) CV curves of A-Ni-MnBMO electrode at different scan rates and (b) the 
corresponding linear fit of log (i) versus log (v) at cathodic and anodic peaks. (c) The calculated 
specific capacitances from different scan rates of CV and separations of diffusion-controlled and 
surface-controlled capacitive charge at different scan rates for the A-Ni-MnBMO electrode. (d) 
GCD curves of A-Ni-MnBMO electrode at different current densities and (e) the corresponding 
calculated specific capacitances and columbic efficiencies. (f) EIS spectrum and the corresponding 
fitting model of A-Ni-MnBMO electrode. 
 
The CV curves of A-Ni-MnBMO electrode at different scan rates are shown in figure 




anodic peaks shift positively and the cathodic peaks shift negatively as the scan rate increases 
from 5 to 100 mV s-1.40 Furthermore, the area under CV curves represents the total stored charge 
which may contribute from both faradaic (charge-transfer process of surface atoms or ion 
insertion/extraction process) and non-faradaic processes (EDLC). These contributions can be 
estimated by the equation (8) and (9): 
𝑖@ = 𝑎𝑣A                                              (8) 
logW𝑖@X = 𝑏 × log(𝑣) + log	(𝑎)          (9) 
where 𝑖@ is the peak current, 𝑣 is the corresponding scan rate and both 𝑎 and 𝑏 are 
adjustable parameters. The value of b can be determined from the slope of logW𝑖@X versus log(𝑣) 
and there are two well-defined conditions based on this value. Generally, when b-value is 0.5, 
the CV describes the process of diffusion-controlled faradaic insertion/extraction reactions. 
Whereas, if b-value is 1, the performance of electrode only arises from pure surface capacitive 
process.41, 42 
In figure 4.3b, the calculated b values for both cathodic and anodic peak currents are 
close to 0.79, implying that the electrochemical performance of A-Ni-MnBMO electrode are 
controlled by not only the diffusion-controlled insertion/extraction reaction but also the surface-
controlled capacitive process. The pseudocapacitive contributions at different scan rates can be 
estimated by the equation (10) and (11): 
𝑖 = 𝑘>𝑣 + 𝑘!𝑣>/!                   (10) 
𝑖/𝑣>/! = 𝑘>𝑣>/! + 𝑘!             (11) 
where 𝑘>𝑣 and 𝑘!𝑣>/! represent the current contributions from surface-controlled 
capacitive process and diffusion-controlled insertion/extraction reaction, respectively.41, 42, 43 The 




the A-Ni-MnBMO electrode and the corresponding calculated specific capacitance at different 
scan rates are shown in figure 4.3c. It can be observed that, at 5 mV s-1, the specific capacitance 
is 510 F g-1 and 64% of the capacitance is from diffusion-controlled insertion/extraction reaction 
which is larger than the contribution from surface-controlled capacitive process. When the scan 
rate increases to 100 mVs-1, the specific capacitance still retains 266 F g-1 and the diffusion-
controlled contribution drops to 31%. It is interesting to find out that, even though the surface-
controlled capacitive contribution increases from 36% to 69 % with the increase of scan rate, its 
corresponding estimated specific capacitance remains a constant value of about 183 F g-1, 
suggesting the quite stable surface charge storage for the A-Ni-MnBMO electrode. Although the 
diffusion-controlled Mn3+/Mn4+ reactions can help provide high energy density for the 
supercapacitor through the charge transfer process, its relatively sluggish kinetics, compared 
with that of fast surface-controlled capacitive process, is not able to obtain high power density 
which is always be found in batteries.44 However, the stable surface-controlled capacitive process 
can help maintain high power density. Based on the above results, the combination of diffusion-
controlled and surface-controlled capacitive processes in A-Ni-MnBMO electrode can contribute 
to make a device which has high energy density and still maintain relatively high power at the 
same time. Then, the maximum working potential for A-Ni-MnBMO electrode that prevents the 
occurrence of oxygen evolution reaction is determined to be 1.2 V (V vs. Ag/AgCl) by CV test 
and the detailed explanation is shown in figure S4.5a-b and figure S4.6. In addition, figure 4.3d 
presents the GCD curves of A-Ni-MnBMO electrode between -0.2 and 1.2 V (vs. Ag/AgCl) at 
different current densities from 1 to 32 A g-1 and the detailed data is shown in table S4.2. The 
shape of these curves are neither linear line nor plateaus of nearly constant potential, further 




material.38, 39 The calculated results in figure 4.3e indicates that the electrode has a specific 
capacitance of 574 F g-1 at the current density of 1 A g-1, and as the current density increases to 
16 A g-1, the specific capacitance slightly drops to 499 F g-1. When the applied current density is 
32 A g-1, a high specific capacitance of 472 F g-1 can still be achieved from this electrode, further 
confirming its good rate capability. Moreover, the values of the corresponding coulombic 
efficiencies at different current densities (also shown in figure 4.3e) are close to 100 %. EIS 
curve of A-Ni-MnBMO electrode is measured in the three-electode system within a frequency 
range from 0.1 Hz to 100 kHz (DC=0.334 V and AC=10 mV). The Nyquist plot of A-Ni-
MnBMO electrode shown in figure 4.3f can be fitted by the modified Randles circuit shown in 
the inset. ESR represents the equivalent series resistance (consisting of the resistances from 
electrolyte and electrode material) and the fitted value of ESR1 is about 4.838 ohm (table S4.3). 
A parallel connected CPE (constant phase element) and Rct (charge transfer resistance which is 
about 8.813 ohm from fitting model) are used to model the behavior of real capacitor. A 
Warburg impedance element is also included in the circuit for modeling the diffusion process. 
An extra CPE which may be ascribed to interfacial contact capacitance is also added into the 





Figure 4.4. (a) Digital images of FCNT and A-Ni-MnBMO electrodes. (b) SEM image of FCNT. 
(c) EIS spectrums and the corresponding fitting models of FCNT electrode. (d) CV curves of 
FCNT electrode at different scan rates. (e) GCD curves of FCNT electrode at different current 
densities. 
 
For negative electrode shown in figure 4.4a, hydrophilic FCNT is drop casted on the 
surface of kapton film and is connected with a piece of copper foil through silver paste. Copper 
foil is used as the electrical contact and silver paste is protected by epoxy from the possible 
corrosion caused by aqueous electrolyte. The digital image of A-Ni-MnBMO grown on carbon 
cloth is also shown in figure 4.4a. Besides, the morphology of CNT network can be observed 
from SEM image of FCNT electrode shown in figure 4.4b, which is consistent with our previous 
work.29 EIS curve of FCNT electrode within a frequency range from 0.1 Hz to 100 kHz 
(DC=0.18 V and AC=10 mV) is shown in figure 4.4c and the Nyquist curve can also be fitted by 
the modified Randles circuit. The fitted value of ESR2 is about 4.059 ohm (table S4.3). The 
lowest potential value which prevents the occurrence of hydrogen evolution reaction of FCNT 
electrode is measured to be -0.9 V (vs. Ag/AgCl) and the detailed explanation is displayed in 




different current densities are displayed in figure 4.4d and e, respectively. The almost square 
shape of CV curves and linear shape of GCD plots suggests the working mechanism of FCNT 
electrode is mainly EDLC. However, when the scan rate of CV tests increases (especially from 
40 to 100 mV s-1), small humps (which may be caused by redox reactions of oxygen contained 
functional groups or hydrogen adsorption/desorption) can be observed. The detailed analysis can 
be found in figure S4.7. These possible processes can provide extra pseudocapacitance for FCNT 
electrode. 
 
Figure 4.5. (a) Schematic illustration of A-Ni-MnBMO//FCNT supercapacitor. (b) CV curves of 
A-Ni-MnBMO//FCNT supercapacitor at different scan rates. (c) GCD curves of A-Ni-
MnBMO//FCNT supercapacitor at different current densities and (d) the corresponding calculated 
specific capacitances and columbic efficiencies. (e) Ragone plot of A-Ni-MnBMO//FCNT 
supercapacitor. (f) Cyclic performance of A-Ni-MnBMO//FCNT supercapacitor at the current 
density of 4 A g-1. Inset is the corresponding coulombic efficiencies. (g) EIS spectrums and the 





As the schematic illustration shown in figure 4.5a, A-Ni-MnBMO//FCNT supercapacitor 
is produced by coupling the pseudocapacitive A-Ni-MnBMO positive electrode and the EDLC 
FCNT negative electrode in the 1 M Na2SO4 electrolyte. Since the maximum working potentials 
of positive and negative electrodes are 1.2 V and -0.9 V (vs. Ag/AgCl), respectively, a maximum 
working voltage of 2.1 V can be obtained in the A-Ni-MnBMO//FCNT supercapacitor. The CV 
curves of A-Ni-MnBMO//FCNT supercapacitor at different scan rates is given in figure 4.5b and 
the shape of those curves are not square but contain several peaks, reflecting the characteristic 
behavior of ASC. Besides, the GCD curves of A-Ni-MnBMO//FCNT supercapacitor with a 
voltage window of 2.1 V at different current densities from 0.5 to 16 A g-1 are measured as 
shown in figure 4.5c and the detailed data is shown in table S4.4. The calculated results (based 
on the mass of active materials on both electrodes) in figure 4.5d shows that the specific 
capacitance of the supercapacitor is 45 F g-1 (with the coulombic efficiency of 88.8 %) at the 
current density of 0.5 A g-1 and the value is changed to 28 F g-1 (with the coulombic efficiency of 
98.3 %) when the current density is 16 A g-1. Moreover, according the GCD curves at different 
current densities, energy density and powder density of A-Ni-MnBMO//FCNT supercapacitor 
are calculated (by using equation (2) and (3)) and shown in Ragone plot (figure 4.5e). It can be 
found that A-Ni-MnBMO//FCNT supercapacitor can deliver a maximum energy density of 27 
Wh kg-1 with the power density of 486.6 W kg-1 at the current density is 0.5 A g-1 and a 
maximum power density of 11049.2 W kg-1 with the energy density of 9 Wh kg-1 whe n the 
current density is 16 A g-1, which is better than some previously reported MnO2 based 
supercapacitors.45, 46, 47, 48, 49, 50 The cyclic performance of A-Ni-MnBMO//FCNT supercapacitor 
is investigated in figure 4.5f and 82.3 % of its initial specific capacitance can be retained after 




efficiencies are stabilized around 98.5 %, reflecting the good stability of the cell. The 
morphology of A-Ni-MnBMO electrode after 3000-cycle cell level GCD tests are shown in 
figure S4.8. It can be observed that the nanosheets structure can still be maintained after 3000 
cycles, further indicating its good structure stability. EIS curve of A-Ni-MnBMO//FCNT 
supercapacitor is tested under a two-electrode system within a frequency range from 0.1 Hz to 
100 kHz (DC=0.3 V and AC=10 mV) shown in figure 4.5g and the Nyquist curve can also be 
fitted by an modified Randles circuit. The obtained value of ESR3 is about 9.310 ohm and this 
value is very close to the summation of ESR1 and ESR2 (table S4.3), which is consistent to the 
composition structure of A-Ni-MnBMO//FCNT supercapacitor. The self-discharge performance 
of A-Ni-MnBMO//FCNT supercapacitor is given in figure S4.9. The voltage drops quickly from 
2.1V to 1V with 1 hour and, then, slowly drops to 0.545 V during the following 23 hours. The 
reason for the fast voltage drop in the 1st hour can be found by measuring the potential change of 
positive and negative electrodes as shown in the inset of figure S4.9. It can be recognized that the 
potential of positive electrode (red line) drops from 1.2 V to 0.86 V (vs. Ag/AgCl) in the 1st hour 
and it slowly approaches to 0.55 V (vs. Ag/AgCl) at the 24th hour. This potential change can be 
explained by the CV curves shown in figure 4.2a. In detail, since there is a strong redox peak 
located at 0.57 V (vs. Ag/AgCl) during cathodic scan of CV, indicating that the potential of the 
electrode will have a great chance to be pinned at around this potential after a fast drop from 1.2 
V (vs. Ag/AgCl) in the self-discharge process. By contrast, the mechanism of the negative 
electrode is EDLC, meaning that there are no redox reactions at the negative electrode to sustain 
its potential. Therefore, the self-discharge current makes the potential of negative electrode (blue 
line) change linearly from -0.9 V to the value closed to 0 V (vs. Ag/AgCl) within 1 hour and, 




potential increase of FCNT negative electrode. In total, it can be concluded that the self-
discharge result is consistent with the cell design of A-Ni-MnBMO//FCNT supercapacitor, and 
the performance of the supercapacitor can be further improved if a suitable redox reaction (with 
high reaction rate which will not affect power density too much) that happens within the stable 
window of the neutral Na2SO4 electrolyte can be introduced to the negative electrode. This will 
be the work to be investigated in the future. 
4.5 Conclusion 
In this work, Ni-Mn bimetallic oxide nanosheets are synthesized on carbon cloth 
substrate for high performance electrode in supercapacitor through a facile one-step 
hydrothermal method. It has been discussed that the pseudocapacitive performance of the 
prepared A-Ni-MnBMO mostly originates from the redox reactions of Mn3+/Mn4+ whose 
reversibility and activity can be boosted by the combination of the increased material active sites 
caused by Na+ insertion/desertion after CV activation process and the change of the electronic 
structure of MnO2 through the incorporation of Ni. As a result, A-Ni-MnBMO electrode shows a 
maximum specific capacitance of 510 F g-1 (tested by CV within a potential range of -0.2-1.3 V 
vs. Ag/AgCl at 5 mV s-1). For GCD tests, after excluding the effects of OER, A-Ni-MnBMO can 
exhibit a maximum specific capacitance of 574 F g-1 (tested with a potential range of -0.2-1.2 V 
vs. Ag/AgCl at 1A g-1). Moreover, in order to confirming the possibility of using A-Ni-MnBMO 
electrode as the positive electrode in supercapacitor, a 2.1V A-Ni-MnBMO//FCNT 
supercapacitor, which can deliver a maximum energy density of 27 Wh kg-1 (at 0.5 A g-1) and a 
maximum power density of 11049.2 W kg-1 (at 16 A g-1), is produced. The device can maintain 
82.3 % of its initial specific capacitance after 8000 cycles of GCD tests at 4 A g-1 and its self-
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5.1 Abstract 
In order to improve the sluggish kinetics of the redox reactions occurring at the battery-
type electrodes of hybrid supercapacitors, a Venus flytrap-like hierarchical NiCoMn-
O@NiMoO4@C nanosheet arrays electrode material are developed based on three aspects of 
considerations: 1. The developed NiCoMn-based trimetallic (NiCoMn-O) oxide has better 
electrical conductivity than any of its bimetallic or monometallic counterparts and the self-
decorated nanoneedles on its surface can create more electroactive surface area for electrolyte to 
access. 2 NiMoO4 layer is the most important redox active material in this composite since its 
high electrochemical activity in alkaline solution. 3. Carbon protection shell cannot only increase 
the electric conductivity of the composite but also improve its cycling stability via buffering the 
volume change during the charge/discharge processes. As a result, the obtained NiCoMn-
O@NiMoO4@C electrode can provide a maximum specific capacitance of 2189.5 F/g (at 0.25 
A/g) and 81.6 % of its initial specific capacitance can be maintained after 1500 cycles GCD tests 
(at 6 A/g). The prepared NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor exhibits the 
maximum energy density of 59.9 Wh/kg (at 0.25 A/g) and its specific capacitance can maintain 





Comparing with fossil fuels, renewable energies (such as wind energy, water energy and 
solar energy, etc.) have currently fetched much limelight by virtue of their characteristics of 
almost zero-carbon-emission.1, 2 However, the electricity generated from renewable energies is 
usually intermittent so that it is necessary to develop efficient energy storage devices (such as 
fuel cells, batteries, conventional capacitors and supercapacitors) in order to collect this unstable 
energy source and, then, dispatch it to the electric power system upon demand. Owing to their 
relatively higher energy density (than conventional capacitors) along with longer cycle life and 
higher power density (than batteries), supercapacitors, including electric double-layer capacitors 
(EDLC), asymmetric supercapacitors and hybrid supercapacitors, are well suited for applications 
requiring short term energy storage and rapid charge/discharge power supply.3 Particularly, 
hybrid supercapacitors, typically constructed by a battery-type electrode with faradaic redox 
reactions for obtaining elevated energy density and a EDLC-type electrode which stores energy 
via fast accumulation/dissipation of charge on the surface of carbon based material (with high 
surface area) to assure high power density, have the potential of providing better performance 
than the other two types of supercapacitors.4  
However, the commercialization of hybrid supercapacitors has still been hindered, since 
the sluggish redox reactions, low electrical conductivity and poor cycling stability of battery-type 
electrodes (which are usually made of metal oxides, for example NiO, Bi2O3 and Fe3O4), to a 
large extent, limit the power performance.5 Fortunately, it has been confirmed by many works 
that nanostructured materials with moderately reduced dimensions via certain synthesis strategies 
can effectively shorten the ion diffusion pathway and improve the penetration of electrolyte so 




demonstrated that the synthesized nanostructured NiO with the particle size of 6 nm exhibited 
the specific capacitance of 449 F/g which is much higher than that of NiO with larger particle 
size of 21 nm (323 F/g) and 41 nm (63 F/g). Their explanation mentioned that the stack of 
smaller particles can narrow the ion diffusion channel which can enhance the faradaic redox 
reaction process.9 Lin et al. managed to synthesize large amount of tiny nanoneedles on the 
surface of NiCo2S4 nanosheet arrays via a two-step hydrothermal method and the generated 
hierarchical structured material can produce higher specific capacitance than the pure nanosheet 
material which is because the additional nanoneedles exposed more electroactive surface area for 
the electrolyte to access (i.e. The ion diffusion path is shortened).10 
Besides, it has been testified that the mixed-metallic oxides/hydroxides (such as 
bimetallic oxides/hydroxides and trimetallic oxides/hydroxides), compared to their monometallic 
counterparts, are able to provide better electrochemical activity and higher electrical 
conductivity.11, 12, 13 The possible reasons for these improvements are attributed to the synergistic 
effect of the multiple metal species existing in the mixed-metallic oxides/hydroxides which have 
different valence states interchange so that diverse redox reactions can happen; and the relatively 
low activation energy for electron transfer between cations so that higher electrical conductivity 
can be obtained.14, 15, 16 For example, Cai et al. reported that their prepared NiMoO4 has higher 
specific capacitance and better electrical conductivity than these of NiO.17 Chen et al. has 
compared the electrochemical performance of their developed amorphous NiCoMn-OH 
electrode material (for hybrid supercapacitor) to the corresponding amorphous hydroxides with 
different transitional metal combinations (including NiCo-OH, NiMn-OH, CoMn-OH, Ni-OH, 
Co-OH and Mn-OH) via galvanostatic charge and discharge (GCD) tests. The electrodes of the 




NiMn-OH, Mn-OH, Co-OH, CoMn-OH (at the current density of 10 A/g).12 In the meanwhile, 
Zhu et al. did the similar tests and the sequences of the electrodes with performance from higher 
to lower values are NiCoMn-OH, NiMn-OH, Ni-OH, NiCo-OH, Co-OH and CoMn-OH.14 From 
these reports, two conclusions can be made: 1. Not all mixed-metallic oxides/hydroxides have 
better performances than their corresponding monometallic counterparts. It depends on the 
synthesis methods along with the structure and morphology of the final product. 2. NiCoMn-
based oxides/hydroxides have the potential of achieving better electrochemical performance than 
that of any corresponding monometallic and bimetallic counterparts. 
Moreover, the ability of enhancing the electrical conductivity of electrode material 
through producing mixed-metallic oxides/hydroxides is still limited. Thus, it is crucial to utilize 
other methods to do some further improvement. Notably, it is found that the addition of carbon 
materials (such as carbon nanotube, graphene and amorphous carbon, etc.) into metal 
oxides/hydroxides to form a composite can create channels for charge transport and, in some 
cases, serve as physical support of metal oxides.18, 19 As a result, the overall performance of the 
electrode material can be boosted. For instance, Nagaraju et al. developed forest-like nickel 
oxide nanosheet grafted carbon nanotube coupled copper oxide nanowire arrays on the surface of 
old cable copper wires (NiO NSs@CNTs@CuO NWAs/Cu fibers) and it has been demonstrated 
that the incorporation of carbon nanotube into this composite can improve its electron transfer 
kinetics and electrochemical conductivities.20 Li et al. successfully coated carbon shell with the 
thickness of 5 nm (which is derived from glucose) on the surface of Fe3O4 nanorods. Based on 
the report, the carbon shell cannot only increase the electrical conductivity of Fe3O4 nanorods, 




happens in electrodes made of nanostructured metal oxides) so that its cycling stability can 
greatly be enhanced.21, 22, 23, 24, 25 
Based on the above consideration, we herein propose a method to synthesize Venus 
flytrap-like hierarchical NiCoMn-based trimetallic oxides nanosheet arrays grafted by NiMoO4 
nanolayer coated by carbon protection shell (NiCoMn-O@NiMoO4@C) on the surface of carbon 
cloth fiber as free-standing core-shell electrode material for hybrid supercapacitor. Briefly, 
hierarchical NiCoMn-O nanosheet arrays with self-decorated nanoneedles serves as conductive 
backbone for growing redox active NiMoO4 layer with high electrochemical activity on its 
surface. The coating of carbon protection shell can not only increase the overall electric 
conductivity of the composite but also improve its cycling stability via buffering the volume 
change during the charge/discharge processes. The obtained NiCoMn-O@NiMoO4@C electrode 
can provide a maximum specific capacitance of 2189.5 F/g (at 0.25 A/g) and 81.6 % of its initial 
specific capacitance can be maintained after 1500 cycles GCD tests (at 6 A/g). To further verify 
its potential as electrode material in hybrid supercapacitors, a testing cell with NiCoMn-
O@NiMoO4@C as positive battery-type electrode and activated carbon (AC) as negative EDLC-
type electrode and 3M KOH aqueous solution as electrolyte is made. The prepared NiCoMn-
O@NiMoO4@C//AC hybrid supercapacitor exhibits the maximum energy density of 59.9 Wh/kg 
(at 0.25 A/g) and its specific capacitance can maintain 88.3 % of its initial value after 3000 
cycles GCD tests (at 6 A/g). 
5.3 Methods 
5.3.1 Materials 
Carbon cloth (ELAT® hydrophilic plain-cloth, FuelCellsEtc, area density: 13 mg/cm2), 




g/mol), nickel nitrate hexahydrate (Ni(NO3)2∙6H2O, Fisher Chemical, formula weight: 290.79 
g/mol), manganese acetate tetrahydrate ((CH3CO2)2Mn∙4H2O, Sigma-Aldrich Corporation, 
formula weight: 245.09 g/mol), ammonium fluoride (NH4F, Sigma-Aldrich Corporation, formula 
weight: 37.04 g/mol), urea (CH4N2O, 60.06 g/mol, 0.601 g), sodium molybdate dihydrate 
(Na2MoO4∙2H2O, Fisher Chemical, formula weight: 241.95 g/mol), D-(+)-glucose (C6H12O6, 
Sigma-Aldrich Corporation, formula weight: 180.16 g/mol), deionized water, nickel foam 
(Surface density: 34.6 mg/cm2, MTI Corporation), activated carbon (BET surface area: 1666 
(±100) m2/g, MTI Corporation), carbon black(MTI Corporation) and polytetrafluoroethylene 
(PTFE, 60 wt % dispersion in H2O, Sigma-Aldrich Corporation). All chemical reagents are in 
analytical grade and used as received. 
5.3.2 Synthesis of Venus flytrap-like hierarchical NiCoMn-O@NiMoO4@C core shell 
nanosheet arrays 
5.3.2.1 Synthesis of NiCoMn-O 
Hierarchical NiCoMn-O nanosheet arrays with self-decorated nanoneedles on carbon 
cloth substrate is synthesized through a one-step hydrothermal method. Firstly, a piece of carbon 
cloth (4 cm ´ 4 cm), which used as the conductive substrate, is cleaned with ethanol and 
deionized water with the assistance of ultrasonication for 10 mins, respectively. Next, it is 
vertically placed in a 100 mL Teflon-lined stainless steel autoclave which contains a pink 
homogeneous solution made of 1 mmol CoCl2∙6H2O, 1 mmol Ni(NO3)2∙6H2O, 1 mmol 
(CH3CO2)2Mn∙4H2O, 5 mmol NH4F and 10 mmol urea dissolved in 70 mL deionized water. 
Then, the autoclave is heated up to 120 oC (at a heating rate of 3 oC/min) in a box oven and its 
temperature is maintained for 6 h. After cooling to the room temperature, the obtained sample is 
sonicated in deionized water for 10 s and rinsed with ethanol for several times in order to remove 




60 oC for 1h to obtained NiCoMn-precursor. Then, it is annealed at 300oC (2 oC/min) for 2h in a 
tube furnace under Argon atmosphere. Finally,  NiCoMn-based trimetallic oxides (NiCoMn-O) 
nanosheet arrays with self-decorated nanoneedles (which have similar shape of Venus flytrap) on 
carbon cloth substrate is obtained (as shown in figure 5.1a, b and e). For comparison purpose, the 
single-metal oxides and bi-metallic oxides based on Ni, Co and Mn elements (i.e. Ni-O, Co-O, 
Mn-O, NiCo-O, NiMn-O and CoMn-O) are also prepared at the sample conditions and, based on 
figure S5.1, NiCoMn-O can exhibit the best electrochemical performance. More detailed 
descriptions can be found in supplementary material. 
5.3.2.2 Synthesis of NiMoO4 layer 
NiMoO4 layer is synthesized by following the reported method with some modifications 
in order to achieve the best electrochemical performance.26 In detail, the obtained NiCoMn-O 
sample is immersed in a 50 mL Teflon-lined stainless steel autoclave which has 40 mL solution 
made of 1 mmol Na2MoO4∙2H2O and 1 mmol Ni(NO3)2∙6H2O dissolved in deionized water. 
Then, the autoclave is heated up to 80oC (2 oC/min) and kept warm for 4h. After cooling to room 
temperature, the sample is rinsed with deionized water and dried at 60 oC for 1h. After annealing 
at 400 oC (2 oC/min) for 2h under Argon atmosphere, the sample named as NiCoMn-
O@NiMoO4 is obtained. For comparison purpose, NiCoMn-O@NiMoO4 samples synthesized 
from different experimental conditions with different morphologies are also prepared. More 
detailed information can be found in figure S5.2 and S5.3 in supplementary material. 
5.3.2.3 Synthesis of carbon protection shell 
For preparing the carbon protection shell on NiCoMn-O@NiMoO4, the sample is 
immersed in the 0.15 M glucose aqueous solution for 12h; it is then annealed at 400 oC (2 




O@NiMoO4@C is obtained and the measured mass loading of NiCoMn-O@NiMoO4@C on 
carbon cloth substrate is about 1.6 mg/cm2.  
5.3.3 Fabrication of NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor 
A hybrid supercapacitor is assembled by using NiCoMn-O@NiMoO4@C on carbon cloth 
substrate as positive electrode and AC (which mixed with carbon black and PTFE with a weight 
ratio of 85 : 10 : 5) coated on nickel foam substrate as negative electrode. To achieve the 
maximum voltage window and energy density, the mass ratio between the positive and negative 
electrodes can be decided by the charge balance theory.27, 28, 29 As shown in equation (1), the 
charge (𝑄) stored in each electrode replies on  the mass of active material (𝑚), specific 
capacitance (𝐶8@) and potential window (∆𝑉). 
𝑄 = 𝑚 × 𝐶8@ × ∆𝑉                                       (1) 
In order to achieve the charge balance between positive and negative electrodes (which is 






                                                (2) 
As a result, the optimum mass ratio between the positive electrode (NiCoMn-
O@NiMoO4@C) and negative electrode (AC) is calculated to be 𝑚,/𝑚" = 1/4.6 (based on the 
discharge specific capacitances of both electrodes measured at the current density of 0.25 A/g).  
5.3.4 Calculation equations 
The specific capacitance (𝐶8@,U&, F/g) calculated from cyclic voltammetry (CV), energy 
density (𝐸, Wh/kg), discharge specific capacitance (𝐶8@,XUY, F/g), power density (𝑃, W/kg) and 
coulombic efficiency (𝜂) of the hybrid supercapacitor can be calculated by equation (3), (4), (5), 




𝐶8@,U& = [∫ 𝐼𝑑𝑉
&.
&2
/2𝑣𝑚(𝑉! − 𝑉>)] × 10T     (3) 
𝐸 = 𝐼 ∫𝑉 𝑑𝑡 × 1000/3600                            (4) 
𝐶8@,XUY = 2𝐸/(𝑉#K8<L;(M=! × 3.6)                   (5) 
𝑃 = 𝐸/𝑡#K8<L;(M=                                            (6) 
𝜂 = 𝑡#K8<L;(M=/𝑡<L;(M= × 100%                      (7) 
Where 𝐼 (A/g) is current density, 𝑉 (V) is the potential or voltage from the discharge 
curves of the  galvanostatic charge and discharge (GCD) tests, 𝑡 (s) is time, 𝑉#K8<L;(M= (V) is the 
discharge potential or voltage excluding IR drop, 𝑡#K8<L;(M= (s) is the time of discharge process 
and 𝑡<L;(M= (s) is the time of charge process. 
The kinetics of the electrode reactions can be determined by investigating the relations 
between peak current (from CV curves) and the corresponding scan rates as shown in equation 
(8). Equation (9) is obtained by a log-transformation from equation (8). 
𝑖@ = 𝑎𝑣A                                                           (8) 
logW𝑖@X = 𝑏 × log(𝑣) + log	(𝑎)                       (9) 
Where 𝑖@ is the peak current (A) , 𝑣 is the scan rate (mV/s), and both 𝑎 and 𝑏 are the 
adjustable parameters that can be determined by linear fit calculation of logW𝑖@X versus log(𝑣). 
Based on the calculated 𝑏 value, it has two well-defined conditions. If 𝑏 equals to 0.5, the 
electrode reaction is a diffusion-controlled process (battery-type electrode material). Whereas, if 






Scanning electron microscopy (SEM) images were obtained via a FEI Quanta 250 FEG 
scanning electron microscope (FEI). High-resolution transmission electron microscopy 
(HRTEM) images and the corresponding energy dispersive spectroscopy (EDS) elemental 
mapping images were recorded from a FEI Titan Themis (AC-TEM) system. X-ray diffraction 
(XRD) spectrums were measured by a Rigaku XRD SmartLab. X-ray photoelectron 
spectroscopies (XPS) were detected in a Kratos Amicus X-ray Photoelectron Spectrometer 
(Kratos, Japan). Cyclic voltammetry (CV), galvanostatic charge and discharge (GCD) profiles 
were measured by a Gamry Reference 3000 Electrochemical Station. The reference electrode 
used in the electrochemical tests is a saturated calomel electrode (SCE, immersed in 1 M KOH). 
5.4 Results and discussion 
 
Figure 5.1. (a-d) Schematics of carbon cloth fiber, NiCoMn-O, NiCoMn-O@NiMoO4 and 
NiCoMn-O@ NiMoO4@C. (e) SEM image of NiCoMn-O with the magnification of 5000 x (scale 
bar: 5 um). The inset gives corresponding SEM image with higher magnification (15000 x, scale 
bar: 2um). (f) SEM image of NiCoMn-O@NiMoO4 with the magnification of 5000 x (scale bar: 5 
um). The inset gives corresponding SEM image with higher magnification (15000 x, scale bar: 
2um). (g) SEM image of NiCoMn-O@NiMoO4@C with the magnification of 5000 x (scale bar: 5 






The schematic illustrations of the material synthesis process is displayed in figure 5.1a-d 
and the corresponding SEM images of the two mid-products (NiCoMn-O and NiCoMn-
O@NiMoO4) and the final product (NiCoMn-O@NiMoO4@C) are shown in figure 5.1e-g in 
order to investigate the morphology changes during the synthesis processes. According to figure 
5.1a and b (step 1), it can be observed that the morphology of the NiCoMn-O (as the first mid-
product) is the Venus flytrap-like nanosheet arrays with self-decorated nanoneedles. The 
nanoneedles can help achieve extra electroactive surface area which makes it more accessible to 
the electrolyte.10 The thickness of the nanosheets is about 200 nm. At the step 2, a thin layer of 
NiMo-O is synthesized on the surface of NiCoMn-O (at the hydrothermal temperature of 80 oC 
for 4 h) which can be reflected by the increased surface roughness on the nanosheet and 
nanoneedles shown in the enlarged image of figure 5.1f. Besides, the SEM images of NiMo-O 
layer synthesized at other hydrothermal conditions are displayed in figure S5.2 (The images with 
higher magnification is also shown in figure S3). Theoretically, the higher hydrothermal 
temperature and longer holding time are able to help achieve thicker NiMoO4 layer, but it will be 
perfect if its thickness can be controlled in a suitable value which can not only provide enough 
electroactive material but also ensure the unobstructed ion/electron transport in such core-shell 
structural material.32, 33 In detail, when the hydrothermal temperature is 80 oC, although the 
thickness change cannot be obviously distinguished from the SEM images of NiCoMn-
O@NiMoO4 samples obtained from different holding time (i.e. 2 h, 4 h and 6 h) shown in figure 
S5.2c-e and figure S5.3c-e, the increment of mass loading (which is from 1.56 to 1.88 mg/cm2) 
and the rise of surface roughness can prove the generation of new NiMoO4 material layers. 
Based on the CV curves and discharge specific capacitances shown in figure S5.4a and b, 




largest CV area (at 10 mV/s) and the highest specific capacitances (at all current densities), 
respectively. Moreover, when the holding time is 4 h and the temperature is varied (i.e. 80 oC, 
100 oC, 120 oC), the rise of the thickness of NiMoO4 layer can be easily observed from figure 
S5.2d, f, g and figure S5.3d, f, g. Furthermore, the corresponding CV curves and discharge 
specific capacitances are plotted in figure S5.4c and d. Again, NiCoMn-O@NiMo-O sample 
synthesized via hydrothermal method at 80 oC for 4h exhibits the largest CV area (at 10 mV/s) 
and the best rate capability comparing with the results from other samples. The thickness of the 
nanosheets is about 256 nm (which demonstrating the thickness of NiMoO4 layer on the 
nanosheet is about 56 nm). After step 3, the final product named as NiCoMn-O@NiMoO4@C is 
displayed in figure 5.1d. It can be found that the Venus flytrap-like hierarchical NiCoMn-
O@NiMoO4 nanosheets with self-decorated nanoneedles are fully covered by the carbon 
protection shell which even helps connect the interspace among nanoneedles; and the thickness 
of the nanosheets is about 260 nm (so that the thickness of the carbon protection shell is about 4 
nm). As a result, the integration and electric conductivity of the material can be improved.  
 
Figure 5.2. NiCoMn-O@NiMoO4@C sample: (a) STEM image with the inset showing the SAED 
pattern of the selected area and (b-c) the corresponding HRTEM image. (c) Dark-field TEM image, 
(d-i) EDS elemental mapping of Ni, Co, Mn, Mo, O and C elements and (j) the superimposed 





Figure 5.2a shows the STEM image of the nanosheet from NiCoMn-O@NiMoO4@C 
sample (It can be noticed that the nanosheet is not as complete as the one shown in SEM images 
because of the ultrasonication step during the sample preparation processes for TEM test).  The 
selected area electron diffraction (SAED) pattern shown in the inset gives a series of diffraction 
rings representing the planes of (4 4	3s ), (1 7 2t), (8 6 1) and (10 4 1) for NiMoO4. The high-
resolution TEM image (HRTEM) in figure 5.2b and c gives the enlarged images of the selected 
area. As displayed in figure 5.2c, the HRTEM of the sample reveals that the interplanar spacing 
is 0.154 nm, which corresponds to the (060) crystal plane of NiMoO4 (JCPDS#45-0142), 
suggesting the generation of NiMoO4 layer. Even though the crystal structure of NiCoMn-O, 
which is hidden underneath the NiMoO4 layer,  cannot be observed, its crystal information will 
be measured via XRD in the later section. Moreover, the EDS elemental mapping from the 
sampling area which is indicated in the dark-field TEM image (figure 5.2d) was used to 
investigate the distribution of elements in the nanosheet from NiCoMn-O@NiMoO4@C sample. 
According to figure 5.2e-i, it can be found that Ni, Co, Mn, Mo and O elements are uniformly 
distributed over the sampling area. In figure 5.2j, although the C signal can be detected from not 
only the sampling area but also the dark-field background part, the profile of the sampling area 
can be clearly discerned by the C signal (originated from the sampling area), suggesting the 
existence of carbon protection shell (which is derived from the glucose). In addition, figure 5.2k 
shows the superimposition of all detected elements on top of the dark-field TEM image, 
indicating the overall distribution of all related elements. The EDS spectrum shown in figure 





Figure 5.3. (a) XRD patterns of NiCoMn-O, NiCoMn-O@NiMoO4 and NiCoMn-O@NiMoO4@C 
samples. (b) XPS spectrum of NiCoMn-O@NiMoO4@C sample. (c) Mo 3d core-level XPS 
spectrum of NiCoMn-O@NiMoO4@C at the pristine state. (d) Ni 2p core-level XPS spectrum of 
NiCoMn-O@NiMoO4@C. (e) Co 2p core-level XPS spectrum of NiCoMn-O@NiMoO4@C. (f) 
Mn 2p core-level XPS spectrum of NiCoMn-O@NiMoO4@C. 
 
The structural change during the synthesis of hierarchical NiCoMn-O@NiMoO4@C is 
detected by XRD as shown in figure 5.3a. It can be observed that the XRD of carbon cloth (in 
black color) is able to exhibit two peaks located at 26 ° and 43.5 ° which can be attributed to (0 0 
2) and (1 0 1) planes of carbon material, respectively.34 Then, the XRD of NiCoMn-O (in pink 
color) gives a complex pattern which can be ascribed to the combination of patterns from 
CoMn2O4 (JCPDS#01-1126), NiCo2O4 (JCPDS#20-0781) and MnNi2O4 (JCPDS#36-0083). In 
detail, the peak at around 18 ° can be devolved into three peaks which are the peak at 18.277 o 
from CoMn2O4, the peak at 18.906 ° from (1 1 1) plane of NiCo2O4 and the peak at 18.430 ° 
from (1 1 1) plane of MnNi2O4, respectively. Similarly, the peak at around 38 ° can also be 
treated as a mixture of three peaks (i.e. 38.957 ° from CoMn2O4, 38.404 ° from (2 2 2) plane of 
NiCo2O4 and 37.376 ° from (2 2 2) plane of MnNi2O4). Moreover, the peaks located at 33 ° and 




1 1) planes of NiCo2O4. However, it is necessary to clarify that the obtained XRD pattern of 
NiCoMn-O cannot be perfectly matched by any of the above mentioned XRD characteristic 
peaks of bimetallic oxides (i.e. CoMn2O4, NiCo2O4 and MnNi2O4) or those single metal oxides 
(such as NiO, MnO2 and Co3O4 etc.), indicating NiCoMn-O is highly possibly consisted of the 
combination  of CoMn2O4, NiCo2O4 and MnNi2O4. In terms of NiCoMn-O@NiMoO4 (in green 
color) and NiCoMn-O@NiMoO4@C (in brown color), the measured XRD patterns are similar to 
each other since the only difference between these two samples is whether the carbon protection 
shell is coated or not which cannot be easily differentiated by XRD testing. Comparing with the 
XRD pattern of NiCoMn-O, the XRD patterns of NiCoMn-O@NiMoO4 or NiCoMn-
O@NiMoO4@C are totally different, suggesting a new phase has grown on the surface of 
NiCoMn-O, and these diffraction peaks can be attributed to NiMoO4 (JCPDS#45-1042). For 
example, the peak at 32.2 ° and 32.9 ° (from the pattern) can be indexed to (1 1 2) and (0 2 -2) 
planes of NiMoO4. The big peak at 36.6 ° (from the pattern) can be devolved into two standard 
diffraction peaks of NiMoO4 (JCPDS#45-1042), which are located at 36.707 ° for (2 0 2) plane 
and 36.905 ° for (4 0 0) plane. Similarly, the big peaks at 42.6 ° and 61.9 ° along with a small 
hump centered at 74.1° can also be ascribed to the combination of a series of standard diffraction 
peaks of NiMoO4 (JCPDS#45-1042).  
The surface chemical compositions and valence states of Mo, Ni, Co and Mn elements 
are detected by the XPS. In figure 5.3b, the XPS full scan spectrums of NiCoMn-
O@NiMoO4@C are displayed. Generally, this XPS spectrum can also help confirm the presence 
of Ni, Co, Mn, Mo, C and O elements in the obtained NiCoMn-O@NiMoO4@C sample; and it is 
obvious that the peak, representing C signal, comes from the carbon fiber and the carbon 




level XPS spectrum reveals the presence of large amount of Mo6+ (located at 232.43 eV and 
235.43 eV), suggesting the existence of NiMoO4 layer, and a little bit of Mo4+ (located at 230.51 
eV and 233.65 eV).35 Besides, the Ni 2p core-level XPS spectrum displayed in figure 5.3d can be 
fitted by one spin-orbit doublet (at 855.83 eV) and one shakeup satellite peak (861.73 eV), 
suggesting the majority of Ni element has the valence state of Ni2+ which corresponds to the Ni2+ 
in NiMoO4, NiCo2O4 and MnNi2O4.36, 37 Moreover, the Co 2p core-level XPS spectrum shown in 
figure 5.3e indicates the co-existence of Co3+ (at 780.49 eV), which is related to the Co3+ in 
NiCo2O4, and Co2+ (781.99 eV), which may be originated from the Co2+ in CoMn2O4; and a 
satellite peak can be found at 787.19 eV.38 Furthermore, in figure 5.3f, the Mn 2p core-level XPS 
spectrum reveals the fact that Mn element has different valences states in the material, including 
Mn2+ (at 640.51 eV), Mn3+ (at 641.51 eV) which may be from CoMn2O4, Mn4+ (at 642.61 eV) 
which may be from  MnNi2O4 and Mn-nitrate (at 644.11 eV).39, 40 
 
Figure 5.4. (a) CV curves of NiCoMn-precursor, NiCoM-O, NiCoMn-O@NiMoO4 and NiCoMn-
O@NiMoO4@C at the scan rate of 10 mV/s. (b) CV curves of NiCoMn-O@NiMoO4@C at 
different scan rates and (c) the corresponding linear fit of logW𝑖@X versus log(𝑣) at cathodic and 
anodic peaks. (d) GCD curves of NiCoMnO@NiMnO4@C at different current densities and (e) 
the corresponding specific capacitances and coulombic efficiencies of NiCoMn-precursor, 
NiCoMn-O, NiCoMn-O@ NiMoO4 and NiCoMnO@NiMoO4@C calculated from the discharge 




after 1500 GCD cycles. The inset gives the corresponding morphology change after the cycling 
test. 
 
In figure 5.4a, for comparison purposes, the cyclic voltammetry (CV) curves of NiCoMn-
precursor, NiCoM-O, NiCoMn-O@NiMoO4 and NiCoMn-O@NiMoO4@C (at the scan rate of 
10 mV/s) are plotted together. It can be noticed that, from NiCoMn-precursor to NiCoMn-
O@NiMoO4@C, the peak currents of these samples increase gradually; and NiCoMn-
O@NiMoO4@C has the highest peak currents, revealing that NiCoMn-O@NiMoO4@C has the 
best electrical conductivity and electrochemical activity among the products listed above. The 
reason of this phenomenon will be released in the later part of this paragraph. Besides, the 
specific capacitances calculated from these CV curves (displayed in the figure S5.6) shows that 
NiCoMn-O@NiMoO4@C provides a value of 706.4 F/g which is higher than that of other 
samples (i.e. 671.5 F/g for NiCoMn-O@NiMoO4, 503.2 F/g for NiCoMn-O and 266.4 F/g for 
NiCoMn-precursor). Based on these results, three conclusions can be addressed: 1. The 
incorpoartion of NiMoO4 layer on top of NiCoMn-O can dramatically improve the 
electrochemical performance. 2. The addition of carbon protection shell on the surface of 
NiCoMn-O@NiMoO4 can slightly boost the value of specific capacitance. 3. The annealing 
process that transfers NiCoMn-precursor to NiCoMn-O can actually help enhance the 
electrochemical performance. Figure 5.4b gives the CV curves of NiCoMn-O@NiMoO4@C at 
different scan rates. As the increase of scan rates from 5 to 30 mV/s, the anodic peak shifts 
towards the positive side and the cathodic peak shifts towards the negative side, respectively, due 
to the polarization of the electrode. The obvious peak separation suggests that NiCoMn-
O@NiMoO4@C can be classified as one kind of battery-type electrode materials. To investigate 
the kinetics of the reactions, the linear fit of logW𝑖@X versus log(𝑣) is also provided in figure 5.4c. 




currents (𝑏 = 0.5648)  are close to 0.5, further confirming that the obtained NiCoMn-
O@NiMoO4@C is one kind of diffusion-controlled battery-type electrode materials. The 
involved redox reactions can be described as follows:41  
𝑁𝑖𝑀𝑜𝑂3 ↔ 𝑁𝑖!, +𝑀𝑜𝑂3!"                           (10) 
𝑁𝑖!, + 2𝑂𝐻" ↔ 𝑁𝑖(𝑂𝐻)!                            (11) 
𝑁𝑖(𝑂𝐻)! + 𝑂𝐻" ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻!𝑂 + 𝑒"     (12) 
Moreover, the GCD curves of NiCoMn-O@NiMoO4@C at different current densities is 
displayed in figure 5.4d and the obvious plateaus, which represent the redox reactions of 
electrode material, can be observed from both charge and discharge curves. The corresponding 
calculated results shown in figure 5.4e indicates that  NiCoMn-O@NiMoO4@C electrode 
material has the maximum specific capacitance of 2189.5 F/g at the current density of 0.25 A/g; 
and, when the applied current density increases to 20 A/g, a high specific capacitance of 1361.1 
F/g (which is about 62.2% of the maximum value) can still be obtained, suggesting its high rate 
capability. In addition, the specific capacitances of NiCoMn-precursor ,NiCoMn-O and 
NiCoMn-O@NiMoO4 are also measured and plotted in figure 5.4e. It can be observed that the 
specific capacitances of  NiCoMn-O@NiMoO4@C are overall larger than those of other 
electrode materials and, comparing with NiCoMn-O@NiMoO4, NiCoMn-O@NiMoO4@C has 
higher rate capability which is most likely benefited by the increased electric conductivity owing 
to the incorporation of carbon protection shell on the material surface.42, 43 Furthermore, after 
1500-cycle GCD tests (figure 5.4f), NiCoMn-O@NiMoO4@C and NiCoMn-O@NiMoO4 can 
maintain 81.6 % and 55.3 % of their initial specific capacitances, respectively. This difference in 
electrochemical durability can be explained by the SEM images of NiCoMn-O@NiMoO4@C 




observed that the surface structure of NiCoMn-O@NiMoO4 are fragile because of the volume 
change caused by the structural deformation during the redox reactions, resulting in rapid 
structural destruction. The coating of carbon protection shell (on NiCoMn-O@NiMoO4 to 
generate NiCoMn-O@NiMoO4@C) can help maintain the integration of surface structure 
through buffering the volume change during the redox reactions and, thus, the electrochemical 
durability of electrode material can be enhanced.44, 45 In sum, comparing with other products, 
NiCoMn-O@NiMoO4@C exhibits the best electrical conductivity and electrochemical activity 
owing to the synergistic effect of novel nanostructure (which is the self-decorated nanoneedles 
on the surface of nanosheet arrays for exposing more electroactive surface area and shorten the 
ion transfer path), combination of mixed-metallic oxides (which is growing NiMoO4 layer with 
high electrochemical activity on the surface of NiCoMn-O with better electrical conductivity) 
and incorporation of conductive carbon material (which is carbon protection shell for boosting 
the electrical conductivity and cycling stability of the composite). 
 
Figure 5.5. (a) (b) CV curves of positive and negative electrodes at the scan rate of 10 mV/s. (c) 
CV curves of NiCoMn-O@NiMoO4@C//AC at different scan rates. (d) GCD curves of NiCoMn-




and coulombic efficiencies calculated from the discharge GCD curves. (f) Ragone plot of 
NiCoMn-O@NiMoO4@C//AC (and other reported works). 12, 13, 26, 46, 47, 48, 49, 50 (g) GCD cyclic 
performance of NiCoMn-O@NiMoO4@C//AC at the current density of 6 A/g. 
 
To evaluate the performance of NiCoMn-O@NiMoO4@C electrode material in a 
complete capacitor cell, a hybrid supercapacitor (named as NiCoMn-O@NiMoO4@C//AC) is 
assembled by using NiCoMn-O@NiMoO4@C as positive electrode and AC as negative 
electrode (figure 5.5a and figure S5.7). The electrolyte is 3 M KOH aqueous solution. According 
to figure 5.5b, the maximum working voltage of NiCoMn-O@NiMoO4@C//AC hybrid 
supercapacitor can be estimated by measuring CV curves of positive and negative electrodes in 
the three-electrode setup at the same scan rate (for example, 10 mV/s), respectively. In terms of 
NiCoMn-O@NiMoO4@C positive electrode, the oxygen evolution reaction occurs when the 
potential moves beyond 0.6 V (vs. SCE). With regard to AC negative electrode, hydrogen 
evolution happens when the potential drops lower than -1 V (vs. SCE). Therefore, the estimated 
maximum voltage of the cell is about 1.6 V. Besides, the CV curves of NiCoMn-
O@NiMoO4@C//AC hybrid supercapacitor at different scan rates are illustrated in figure 5.5c 
and the shape of these curves are not square but exhibit peaks caused by the redox reactions of 
the positive electrode, representing the characteristic behavior of hybrid supercapacitor. 
Moreover, the GCD curves of NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor with a 
voltage window of 1.6 V at different current densities are displayed in figure 5.5d. It is necessary 
to mention that there are about 5 steps in a typical GCD curve (of NiCoMn-O@NiMoO4@C//AC 
hybrid supercapacitor) and each step can be interpreted by a comprehensive analysis of CV and 
GCD curves shown in figure S5.8. During the charge process of GCD curve in figure S5.8a, the 
voltage of the cell jumps from 0 to 0.35V instantly within 1 second (step 1) which is because that 




0.4 V and, thus, a very fast charge speed can be achieved. In step 2, the voltage of the cell 
gradually increases to about 1.5 V (figure S5.8a), which corresponds to the large hump of the CV 
(as shown in figure 5.4b) originated by the redox reactions of the positive electrode. When the 
voltage exceeds 1.5 V (step 3), it can be observed that the charging rate further slows down 
because of the slight occurrence of water decomposition. This explanation can be confirmed by 
the step 3 (where a tiny increase of current density around 1.6 V indicating water decomposition  
can be observed) marked in the CV curve  as displayed in figure S5.8b. The discharge process 
(including step 4 and step 5) is just the reversal action of charge process excluding the water 
decomposition phenomenon. The profile of GCD curves at other current densities basically 
follow the similar pattern. Furthermore, the corresponding calculated specific capacitances and 
coulombic efficiencies are displayed in figure 5.5e. In detail, the specific capacitance of the 
supercapacitor is 175 F/g (with the coulombic efficiency of 82.7 %) at the current density of 0.25 
A/g and the value is changed to 96.1 F/g (with the coulombic efficiency of 100 %) when the 
current density is 12 A/g.  In addition, the energy densities and power densities calculated from 
the GCD curves of NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor are illustrated in the 
Ragone plot shown in figure 5.5f. It can be found that the prepared NiCoMn-
O@NiMoO4@C//AC hybrid supercapacitor can deliver a maximum energy density of 59.9 
Wh/kg (with a power density of 214.1 W/kg) at the current density of 0.25 A/g and a maximum 
power density of 6467.9 W/kg (with an energy density of 13.9 Wh/kg) at 12 A/g. Comparing 
with the recent published works (about NiCoMn-based trimetallic oxides or NiMoO4 based 
supercapacitors), the prepared NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor has the 
slight advantage in energy densities and their power densities are at the same level. 13, 12, 46, 26, 47, 




investigated in figure 5.5g and 88.3 % of its initial specific capacitance can be retained after 
3000 cycles of GCD tests at a current density of 6 A/g. The corresponding coulombic 
efficiencies are stabilized around 99.4%, reflecting the good stability of the cell. 
5.5 Conclusion 
In this work, a Venus fly-trap like hierarchical NiCoMn-O@NiMoO4@C nanosheet 
arrays electrode is designed and successfully synthesized via a multi-step hydrothermal method. 
The prepared NiCoMn-O nanosheet is used as conductive backbone (since its electrical 
conductivity is better than any of its bimetallic or monometallic counterparts) for growing 
NiMoO4 and carbon protection shell and the self-decorated nanoneedles on its surface can create 
more electroactive surface area for electrolyte to access (i.e. The ion transport path is shortened). 
NiMoO4 layer is the most important redox active material in this composite since its high 
electrochemical activity in alkaline solution. The incorporation of carbon protection shell (which 
is derived from glucose) cannot only increase the overall electric conductivity of the composite 
but also improve its cycling stability via buffering the volume change during the 
charge/discharge processes. As a result, with the synergistic effect of these components, 
NiCoMn-O@NiMoO4@C can provide the highest specific capacitance of 2189.5 F/g at 0.25 A/g 
and a high specific capacitance value of 1361.1 F/g can still be obtained at 20 A/g, suggesting its 
good rate capability. Besides, during 1500 cycles GCD tests, , about 81.6 % of NiCoMn-
O@NiMoO4@C’s initial specific capacitance can be remained, while the specific capacitance of 
NiCoMn-O@NiMoO4 exhibits a fast drop down to 55.3% of its initial value, revealing the good 
cycle stability of NiCoMn-O@NiMoO4@C owing to the addition of carbon protection shell. 
Furthermore, our prepared NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor (with a voltage 




of 214.1 W/kg) at 0.25 A/g and a maximum power density of 6467.9 W/kg (with an energy 
density of 13.9 Wh/kg) at 12 A/g. In addition, the cycling stability of NiCoMn-
O@NiMoO4@C//AC hybrid supercapacitor is tested and 88.3 % of its initial specific capacitance 
can be maintained after 3000 cycles GCD tests. 
5.6 References 
(1)  Ellabban, O.; Abu-Rub, H.; Blaabjerg, F. Renewable Energy Resources: Current Status, 
Future Prospects and Their Enabling Technology. Renewable and Sustainable Energy 
Reviews, 2014, 39, 748–764. 
 
(2)  Abas, N.; Kalair, A.; Khan, N. Review of Fossil Fuels and Future Energy Technologies. 
Futures 2015, 69, 31–49. 
 
(3)  Zhao, B.; Chen, D.; Xiong, X.; Song, B.; Hu, R.; Zhang, Q.; Rainwater, B. H.; Waller, G. 
H.; Zhen, D.; Ding, Y.; et al. A High-Energy, Long Cycle-Life Hybrid Supercapacitor 
Based on Graphene Composite Electrodes. Energy Storage Mater. 2017, 7, 32–39. 
 
(4)  Muzaffar, A.; Ahamed, M. B.; Deshmukh, K.; Thirumalai, J. A Review on Recent 
Advances in Hybrid Supercapacitors: Design, Fabrication and Applications. Renewable 
and Sustainable Energy Reviews, 2019, 101, 123–145. 
 
(5)  Zuo, W.; Li, R.; Zhou, C.; Li, Y.; Xia, J.; Liu, J. Battery-Supercapacitor Hybrid Devices: 
Recent Progress and Future Prospects. Adv. Sci. 2017, 4, 1–21. 
 
(6)  He, D.; Xing, S.; Sun, B.; Cai, H.; Suo, H.; Zhao, C. Design and Construction of Three-
Dimensional Flower-like CuO Hierarchical Nanostructures on Copper Foam for High 
Performance Supercapacitor. Electrochim. Acta 2016, 210, 639–645. 
 
(7)  He, D.; Liu, G.; Pang, A.; Jiang, Y.; Suo, H.; Zhao, C. A High-Performance 
Supercapacitor Electrode Based on Tremella-like NiC2O4@NiO Core/Shell Hierarchical 
Nanostructures on Nickel Foam. Dalt. Trans. 2017, 46, 1857–1863. 
 
(8)  Yan, J.; Li, S.; Lan, B.; Wu, Y.; Lee, P. S. Rational Design of Nanostructured Electrode 
Materials toward Multifunctional Supercapacitors. Advanced Functional Materials, 2020, 
30, 1902564. 
 
(9)  Duraisamy, N.; Numan, A.; Fatin, S. O.; Ramesh, K.; Ramesh, S. Facile Sonochemical 
Synthesis of Nanostructured NiO with Different Particle Sizes and Its Electrochemical 





(10)  Lin, L.; Liu, J.; Liu, T.; Hao, J.; Ji, K.; Sun, R.; Zeng, W.; Wang, Z. Growth-Controlled 
NiCo2S4 Nanosheet Arrays with Self-Decorated Nanoneedles for High-Performance 
Pseudocapacitors. J. Mater. Chem. A 2015, 3, 17652–17658. 
 
(11)  Hu, W.; Wei, H.; She, Y.; Tang, X.; Zhou, M.; Zang, Z.; Du, J.; Gao, C.; Guo, Y.; Bao, D. 
Flower-like Nickel-Zinc-Cobalt Mixed Metal Oxide Nanowire Arrays for Electrochemical 
Capacitor Applications. J. Alloys Compd. 2017, 708, 146–153. 
 
(12)  Chen, H. C.; Qin, Y.; Cao, H.; Song, X.; Huang, C.; Feng, H.; Zhao, X. S. Synthesis of 
Amorphous Nickel–Cobalt–Manganese Hydroxides for Supercapacitor-Battery Hybrid 
Energy Storage System. Energy Storage Mater. 2019, 17, 194–203. 
 
(13)  Sanchez, J. S.; Pendashteh, A.; Palma, J.; Anderson, M.; Marcilla, R. Porous NiCoMn 
Ternary Metal Oxide/Graphene Nanocomposites for High Performance Hybrid Energy 
Storage Devices. Electrochim. Acta 2018, 279, 44–56. 
 
(14)  Zhu, Y.; Huang, C.; Li, C.; Fan, M.; Shu, K.; Chen, H. C. Strong Synergetic 
Electrochemistry between Transition Metals of Α Phase Ni−Co−Mn Hydroxide 
Contributed Superior Performance for Hybrid Supercapacitors. J. Power Sources 2019, 
412, 559–567. 
 
(15)  Zhao, Y.; Li, X.; Yan, B.; Xiong, D.; Li, D.; Lawes, S.; Sun, X. L. Recent Developments 
and Understanding of Novel Mixed Transition-Metal Oxides as Anodes in Lithium Ion 
Batteries. Advanced Energy Materials, 2016, 6, 1502175. 
 
(16)  Tang, X.; Zhang, B.; Lui, Y. H.; Hu, S. Ni-Mn Bimetallic Oxide Nanosheets as High-
Performance Electrode Materials for Asymmetric Supercapacitors. J. Energy Storage 
2019, 25, 100897. 
 
(17)  Cai, D.; Liu, B.; Wang, D.; Liu, Y.; Wang, L.; Li, H.; Wang, Y.; Wang, C.; Li, Q.; Wang, 
T. Facile Hydrothermal Synthesis of Hierarchical Ultrathin Mesoporous NiMoO4 
Nanosheets for High Performance Supercapacitors. Electrochim. Acta 2014, 115, 358–
363. 
 
(18)  Zhi, M.; Xiang, C.; Li, J.; Li, M.; Wu, N. Nanostructured Carbon-Metal Oxide Composite 
Electrodes for Supercapacitors: A Review. Nanoscale 2013, 5, 72–88. 
 
(19)  Zhang, X.; Luo, J.; Tang, P.; Ye, X.; Peng, X.; Tang, H.; Sun, S. G.; Fransaer, J. A 
Universal Strategy for Metal Oxide Anchored and Binder-Free Carbon Matrix Electrode: 
A Supercapacitor Case with Superior Rate Performance and High Mass Loading. Nano 
Energy 2017, 31, 311–321. 
 
(20)  Nagaraju, G.; Sekhar, S. C.; Yu, J. S. Utilizing Waste Cable Wires for High-Performance 
Fiber-Based Hybrid Supercapacitors: An Effective Approach to Electronic-Waste 





(21)  Li, R.; Wang, Y.; Zhou, C.; Wang, C.; Ba, X.; Li, Y.; Huang, X.; Liu, J. Carbon-Stabilized 
High-Capacity Ferroferric Oxide Nanorod Array for Flexible Solid-State Alkaline Battery-
Supercapacitor Hybrid Device with High Environmental Suitability. Adv. Funct. Mater. 
2015, 25, 5384–5394. 
 
(22)  Ji, W.; Ji, J.; Cui, X.; Chen, J.; Liu, D.; Deng, H.; Fu, Q. Polypyrrole Encapsulation on 
Flower-like Porous NiO for Advanced High-Performance Supercapacitors. Chem. 
Commun. 2015, 51, 7669–7672. 
 
(23)  Huang, H.; Wang, X.; Tervoort, E.; Zeng, G.; Liu, T.; Chen, X.; Sologubenko, A.; 
Niederberger, M. Nano-Sized Structurally Disordered Metal Oxide Composite Aerogels as 
High-Power Anodes in Hybrid Supercapacitors. ACS Nano 2018, 12, 2753–2763. 
 
(24)  Fu, L.; Qu, Q.; Holze, R.; Kondratiev, V. V.; Wu, Y. Composites of Metal Oxides and 
Intrinsically Conducting Polymers as Supercapacitor Electrode Materials: The Best of 
Both Worlds? Journal of Materials Chemistry A, 2019, 7, 14937–14970. 
 
(25)  Qin, J.; Sari, H. M. K.; Wang, X.; Yang, H.; Zhang, J.; Li, X. Controlled Design of Metal 
Oxide-Based (Mn2+/Nb5+) Anodes for Superior Sodium-Ion Hybrid Supercapacitors: 
Synergistic Mechanisms of Hybrid Ion Storage. Nano Energy 2020, 71, 104594. 
 
(26)  Mehrez, J. A. A.; Owusu, K. A.; Chen, Q.; Li, L.; Hamwi, K.; Luo, W.; Mai, L. 
Hierarchical MnCo2O4@NiMoO4 as Free-Standing Core-Shell Nanowire Arrays with 
Synergistic Effect for Enhanced Supercapacitor Performance. Inorg. Chem. Front. 2019, 
6, 857–865. 
 
(27)  Gu, J.; Sun, L.; Zhang, Y.; Zhang, Q.; Li, X.; Si, H.; Shi, Y.; Sun, C.; Gong, Y.; Zhang, Y. 
MOF-Derived Ni-Doped CoP@C Grown on CNTs for High-Performance 
Supercapacitors. Chem. Eng. J. 2020, 385, 123454. 
 
(28)  Liu, C.; Gao, A.; Yi, F.; Shu, D.; Yi, H.; Zhou, X.; Hao, J.; He, C.; Zhu, Z. Anchoring 
Ultrafine Co3O4 Grains on Reduced Oxide Graphene by Dual-Template Nanocasting 
Strategy for High-Energy Solid State Supercapacitor. Electrochim. Acta 2019, 326, 
134965. 
 
(29)  Chen, S.; Zhang, M.; Ma, X.; Li, L.; Zhou, X.; Zhang, Z. Asymmetric Supercapacitors by 
Integrating High Content Na+/K+-Inserted MnO2 Nanosheets and Layered Ti3C2Tx 
Paper. Electrochim. Acta 2020, 332, 135497. 
 
(30)  Dong, X.; Chen, L.; Liu, J.; Haller, S.; Wang, Y.; Xia, Y. Environmentally-Friendly 
Aqueous Li (or Na)-Ion Battery with Fast Electrode Kinetics and Super-Long Life. Sci. 
Adv. 2016, 2, 1–9. 
 
(31)  Zhang, J.; Chen, H.; Sun, X.; Kang, X.; Zhang, Y.; Xu, C.; Zhang, Y.  High Intercalation 
Pseudocapacitance of Free-Standing T-Nb 2 O 5 Nanowires@carbon Cloth Hybrid 





(32)  Zhang, H.; Lu, C.; Hou, H.; Ma, Y.; Yuan, S. Tuning the Electrochemical Performance of 
NiCo2O4@NiMoO4 Core-Shell Heterostructure by Controlling the Thickness of the 
NiMoO4 Shell. Chem. Eng. J. 2019, 370, 400–408. 
 
(33)  Jiang, H.; Zhao, T.; Li, C.; Ma, J. Hierarchical Self-Assembly of Ultrathin Nickel 
Hydroxide Nanoflakes for High-Performance Supercapacitors. J. Mater. Chem. 2011, 21, 
3818–3823. 
 
(34)  Meng, S.; Hong, Y.; Dai, Z.; Huang, W.; Dong, X. Simultaneous Detection of 
Dihydroxybenzene Isomers with ZnO Nanorod/Carbon Cloth Electrodes. ACS Appl. 
Mater. Interfaces 2017, 9, 12453–12460. 
 
(35)  Castillo, C.; Buono-Core, G.; Manzur, C.; Yutronic, N.; Sierpe, R.; Cabello, G.; Chornik, 
B. Molybdenum Trioxide Thin Films Doped with Gold Nanoparticles Grown by a 
Sequential Methodology: Photochemical Metal-Organic Deposition (PMOD) and DC-
Magnetron Sputtering. J. Chil. Chem. Soc. 2016, 61, 2816–2820. 
 
(36)  Biesinger, M. C.; Payne, B. P.; Grosvenor, A. P.; Lau, L. W. M.; Gerson, A. R.; Smart, R. 
S. C. Resolving Surface Chemical States in XPS Analysis of First Row Transition Metals, 
Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni. Appl. Surf. Sci. 2011, 257, 2717–2730. 
 
(37)  Biesinger, M. C.; Payne, B. P.; Lau, L. W. M.; Gerson, A.; Smart, R. S. C. X-Ray 
Photoelectron Spectroscopic Chemical State Quantification of Mixed Nickel Metal, Oxide 
and Hydroxide Systems. Surf. Interface Anal. 2009, 41, 324–332. 
 
(38)  Cao, Z.; Liu, C.; Huang, Y.; Gao, Y.; Wang, Y.; Li, Z.; Yan, Y.; Zhang, M. Oxygen-
Vacancy-Rich NiCo2O4 Nanoneedles Electrode with Poor Crystallinity for High Energy 
Density All-Solid-State Symmetric Supercapacitors. J. Power Sources 2020, 449, 227571. 
 
(39)  Guo, J.; Zhang, X.; Du, X.; Zhang, F. A Mn3O4 Nano-Wall Array Based Binder-Free 
Cathode for High Performance Lithium-Sulfur Batteries. J. Mater. Chem. A 2017, 5, 
6447–6454. 
 
(40)  Wang, X.; Wu, W.; Chen, Z.; Wang, R. Bauxite-Supported Transition Metal Oxides: 
Promising Low-Temperature and SO2 -Tolerant Catalysts for Selective Catalytic 
Reduction of NOx. Sci. Rep. 2015, 5, 1–6. 
 
(41)  Feng, Y.; Liu, L.; Liang, J.; Yao, W.; Tian, B.; Jiang, C.; Wu, W. Ni(OH)2/NiMoO4 
Nanoplates for Large-Scale Fully-Printed Flexible Solid-State Supercapacitors. J. Power 
Sources 2019, 433, 126676. 
 
(42)  Wolfenstine, J.; Lee, U.; Allen, J. L. Electrical Conductivity and Rate-Capability of Li4Ti 






(43)  Mou, J.; Deng, Y.; Song, Z.; Zheng, Q.; Lam, K. H.; Lin, D. Excellent Rate Capability and 
Cycling Stability in Li+-Conductive Li2SnO3-Coated LiNi0.5Mn1.5O4 Cathode 
Materials for Lithium-Ion Batteries. Dalt. Trans. 2018, 47, 7020–7028. 
 
(44)  Li, R.; Wang, Y.; Zhou, C.; Wang, C.; Ba, X.; Li, Y. Carbon-Stabilized High-Capacity 
Ferroferric Oxide Nanorod Array for Flexible Solid-State Alkaline Battery – 
Supercapacitor Hybrid Device with High Environmental Suitability. 2015, 5384–5394. 
 
(45)  Bae, S. H.; Kim, J. E.; Randriamahazaka, H.; Moon, S. Y.; Park, J. Y.; Oh, I. K. 
Seamlessly Conductive 3D Nanoarchitecture of Core–Shell Ni-Co Nanowire Network for 
Highly Efficient Oxygen Evolution. Adv. Energy Mater. 2017, 7, 1601492. 
 
(46)  Kang, W.; Sun, Y.; Xu, B.; Li, J.; Kong, X.; Huang, D.; Zhang, X.; Yang, H.; Lin, B. 
Novel Aqueous Nickel-Bismuth Batteries Using NiMoO4@NiCo-Layered Double 
Hydroxide Heterostructure Nanoarrays and Bi2O2CO3 Microspheres as Advanced 
Electrode Materials. Electrochim. Acta 2019, 323, 134819. 
 
(47)  Rama Raju, G. S.; Pavitra, E.; Nagaraju, G.; Chodankar, N. R.; Vishwanath, S. K.; Park, J. 
Y.; Huh, Y. S.; Han, Y. K. Engineering: Rhynchostylis Retusa -like Heterostructured α-
Nickel Molybdate with Enhanced Redox Properties for High-Performance Rechargeable 
Asymmetric Supercapacitors. J. Mater. Chem. A 2019, 7, 26893–26904. 
 
(48)  Xu, R.; Lin, J.; Wu, J.; Huang, M.; Fan, L.; Xu, Z.; Song, Z. A High-Performance 
Pseudocapacitive Electrode Material for Supercapacitors Based on the Unique NiMoO 4 
/NiO Nanoflowers. Appl. Surf. Sci. 2019, 463, 721–731. 
 
(49)  Li, G.; Song, B.; Cui, X.; Ouyang, H.; Wang, K.; Sun, Y.; Wang, Y. Multidimensional 
and Binary Micro CuCo2O4/Nano NiMoO4 for High-Performance Supercapacitors. ACS 
Sustain. Chem. Eng. 2020, 8, 1687–1694. 
 
(50)  Feng, X.; Ning, J.; Wang, D.; Zhang, J.; Xia, M.; Wang, Y.; Hao, Y. Heterostructure 
Arrays of NiMoO4 Nanoflakes on N-Doping of Graphene for High-Performance 





CHAPTER 6.    GENERAL CONCLUSION 
In this dissertation, the energy storage mechanisms of different types of electrode 
materials from supercapacitors are introduced and their kinetic analysis is discussed. In order to 
achieve supercapacitors with higher energy density without sacrificing power density, four 
projects have been done. Firstly, a FCNT based hybrid electrochemical capacitors (with a 
voltage window of 1.5 V) using neutral bromide redox-active electrolyte is fabricated. It is 
proved that the addition of redox active species near positive electrode can dramatically enhance 
the overall energy density of the device and the high power density can be maintained due to the 
pure EDLC behavior of the negative electrode. Besides, in order to solve the problems of liquid 
electrolyte leakage, a hybrid supercapacitor with solid-state redox-active hydrogel polymer 
electrolytes is built. The special pH value difference between positive electrolyte and negative 
electrolyte cannot only ensure the occurrence of reversible Br-/Br3- redox reaction but also 
extend the voltage window of the whole cell to 1.6 V and, thus, the energy density of this solid-
state cell can be improved. Then, a asymmetric supercapacitor with a voltage window of 2.1 V 
made of Ni-Mn bimetallic oxide nanosheets as positive electrode and FCNT as negative 
electrode is made. It has been discussed that the pseudocapacitive performance of the prepared 
A-Ni-MnBMO mostly originates from the redox reactions of Mn3+/Mn4+ whose reversibility and 
activity can be boosted by the combination of the increased material active sites caused by Na+ 
insertion/desertion after CV activation process and the change of the electronic structure of 
MnO2 through the incorporation of Ni. As a result, A-Ni-MnBMO electrode shows a maximum 
specific capacitance of 510 F g-1 and the  A-Ni-MnBMO//FCNT hybrid supercapacitor can 
deliver a maximum energy density of 27 Wh kg-1 (at 0.5 A g-1) and a maximum power density of 




O@NiMoO4@C nanosheet arrays electrode is designed and successfully synthesized via a multi-
step hydrothermal method. The prepared NiCoMn-O nanosheet is used as conductive backbone 
(since its electrical conductivity is better than any of its bimetallic or monometallic counterparts) 
for growing NiMoO4 and carbon protection shell and the self-decorated nanoneedles on its 
surface can create more electroactive surface area for electrolyte to access (i.e. The ion transport 
path is shortened). NiMoO4 layer is the most important redox active material in this composite 
since its high electrochemical activity in alkaline solution. The incorporation of carbon 
protection shell (which is derived from glucose) cannot only increase the overall electric 
conductivity of the composite but also improve its cycling stability via buffering the volume 
change during the charge/discharge processes. As a result, with the synergistic effect of these 
components, NiCoMn-O@NiMoO4@C can provide the highest specific capacitance of 2189.5 
F/g at 0.25 A/g  and the prepared NiCoMn-O@NiMoO4@C//AC hybrid supercapacitor (with a 
voltage window of 1.6 V) can provide a maximum energy density of 59.9 Wh/kg (with a power 
density of 214.1 W/kg) at 0.25 A/g and a maximum power density of 6467.9 W/kg (with an 
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Functionalized carbon nanotube based hybrid electrochemical capacitors using 
neutral bromide redox-active electrolyte for enhancing energy density 
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Methylene blue (MB) adsorption method 
MB adsorption is one of the standard methods for evaluating SSA of carbon materials.1, 2, 
3, 4 UV-vis spectroscopy is used to determine the SSA through a MB concentration working 
curve. The method used in this paper is the method from Guo et al.’s work after minor 
modification.1 To construct the working curve, MB solution of known concentration C0MB = 2 
mg mL-1 is diluted at 600, 700, 800, 900, 1000, and 1100 times and the corresponding 
concentrations were plotted against the intensity of light absorbance at 664nm. FCNT and raw 
CNT electrodes with known active material mass (mFCNT and mraw CNT) are dipped into 2 mL of 2 
mg mL-1 solution in two separate vials and left for 24 hours in order to reach adsorption 
equilibrium. The resulting solutions are diluted for 1100 times and measured under UV-vis 
spectroscopy to obtain the intensity of absorbance at 664 nm. The resulting solution 
concentration (CMB, FCNT and CMB, raw CNT) are calculated through the previous constructed 
working curve. The mass of the absorbed MB is calculated through  
 





The value 2.54 is a standard value for the area (m2) covered by 1 mg of MB.1, 4 The 
calculated SSA for FCNT is 1463.077 m2 g-1 and for CNT is 914.353 m2 g-1.  
Electrochemical active surface area 
 
Figure S2.1. (a) CV curves of raw CNT and FCNT electrodes measured in the 1M Na2SO4 
electrolyte with the potential range of 0.3-0.6 V (vs. Ag/AgCl). The specific capacitance and 
electrochemical active surface area estimation of (b) FCNT and (c) raw CNT electrodes by plotting 
the differences in current density at 0.45 V (vs. Ag/AgCl) as a function of scan rate fitted to a 
linear regression. The value of specific capacitance (F g-1) is 500 times of the slope. 
 
The specific capacitance and electrochemical active surface area of raw CNT and FCNT 
electrodes can be achieved by using a simple CV test reported by Liang et al. with some minor 
modifications.5 As shown in figure S2.1a narrow potential window (0.3-0.6 V vs. Ag/AgCl) with 
no faradic process is utilized for measuring the current. In this non-faradic range, it is believed 
that all capacitance is contributed by electrical double layer and its value is linearly proportional 
to the electrochemical active surface area. The difference of cathodic current density and anodic 
current density at 0.45 V (vs. Ag/AgCl) is plotted with the corresponding scan rates. After the 
linear fit, the specific electrical double layer capacitance (Cdl) can be calculated by using the 
obtained slope in the following formula. 
 (F g-1) 
From figure S2.1b and c, the Cdl of FCNT and raw CNT electrodes are 75.265 and 9.575 




FCNT electrode is much larger than that of raw CNT electrode, indicating its better 
electrochemical performance in aqueous electrolyte. 
 
Figure S2.2. XPS full spectrum of (a) raw CNT and (b)FCNT. The atomic concentration of 
different elements calculated from (c) raw CNT and (d) FCNT via XPS full spectrums. 
   
 
Figure S2.3. XPS N1s spectrum of FCNT. 
 
As shown in figure S2.3, the N1s narrow-scan spectrum can be resolved into three 
components which is located at 399.8 eV (pyrrolic N), 401.4 eV (graphitic N) and 406.2 eV 





Figure S2.4. (a) Nyquist plot of electrodes made of raw CNT (Blue) and FCNT (Red) in 1M 
Na2SO4 electrolyte. Equivalent circuit model of the EIS tests in (b) raw CNT (c) FCNT. 
 
Table S2.1. Results of fitting equivalent circuit model to the EIS data 
 
 
EIS (with the frequency range from 0.01 Hz to 1MHz) is measured in a three-electrode 
system, where FCNT is used as working electrode, Ag/AgCl (1M KCl) as reference electrode, 
and Pt mesh as counter electrode. The electrolyte is 1M Na2SO4. The DC voltage is 0.5V and the 
AC amplitude is 50mV. The same EIS measurement is performed with raw CNT as working 
electrode for comparison. Nyquist plots of both FCNT and raw CNT electrodes are shown in 
figure S2.4a. The insert in figure S2.4a shows the enlargement of the high frequency part of the 
Nyquist plot. Equivalent circuit models shown in figure S2.4b and c are used to fit the Nyquist 
spectras of raw CNT and FCNT electrodes, respectively. Table S2.1 summarize the fitting results 
using the circuit models in figure S2.4b and c. In the circuit model, Rs represents the high 
frequency series resistance consisting of the electrolyte’s ionic resistance and the electrode 
materials’ electrical resistance. It can be observed that the value of Rs from FCNT electrode is 




of FCNT electrode may be caused by the introduction of carboxyl groups to FCNT surface by 
acid treatment. The carboxyl surface groups can increase the ionic conductivity of electrolyte 
inside the porous electrode, and thus reduce the ionic resistance for FCNT electrode. As a result, 
the Rs of FCNT electrode is effectively reduced compared with that of raw CNT. Next, a parallel 
constant phase element (CPErt) and resistor (Rct) are used to model the depressed semicircles 
showing up in the middle to high frequency range, indicating the capacitance and the charge 
transfer resistance (Rct) between the current collector and active material, which, in our case, is 
the inner and outer surface parts of FCNT electrode, respectively.9, 10 Constant phase elements 
(CPE) are usually used to substitute the capacitances in electrical capacitors because of the 
surface inhomogeneous and porous conditions.11, 12 The semicircle ends at the knee frequency 
and the Nyquist plots develop into a straight-line at low frequency range. This part of the 
Nyquist spectra is related to the diffusion of electrolyte ions into the bulk of electrode materials, 
which is represented as a Warburg diffusion element in the circuit model. It is noticed that an 
inductance, whose performance is the tail at high frequency region, are taken into account as 
well. Finally, the Nyquist spectra becomes a straight-line with steeper slope in the ultra-low 
frequency range, which are modeled as a parallel constant phase element (CPEdl) and resistor 
(Rdl) in raw CNT electrode and a capacitor (Cdl) in FCNT electrode. In detail, CPEdl represents 
the electrical double layer capacitor and Rdl is the corresponding leakage resistance. The circuit 
model of FCNT electrodes shown in figure S2.3c are almost similar to that of raw CNT (figure 
S2.3b) except the missing Rdl and the replace of CPEdl by Cdl. The physical meaning of 
disappearance of Rdl in the FCNT circuit model is that the leakage resistance of electrical double 
layer capacitor becomes infinity, revealing low self-discharge performance. Cdl used here 




value (32.91 mF) than that in raw CNT electrode (0.22 mF). The higher Cdl value of the FCNT 
electrode is likely due to the effects of carboxyl groups, which not only improve the electrolyte 
wettability and consequently makes FCNT electrode surface more accessible to electrolyte ions, 
but also introduce pseudo-capacitance due to the redox reaction of the carboxyl groups.13, 14 
 
Figure S2.5. CV curves of (a) FCNT|1M Na2SO4|FCNT and (b) FCNT|1M Na2SO4+0.5M 
KBr|FCNT cells measured at different potential window at a scan rate of 30 mV/s. 
 
The potential window of the assembled FCNT|1M Na2SO4|FCNT cell was detected by 
CV at the scan rate of 30 mV/s (figure S2.5a). From 0.8 V to 1.5 V, the rectangular-shaped CV 
curves can be observed indicating their typical electrical double-layer behavior.15 Besides, the 
intensities of the maximum current of these curves have almost same values revealing that no 
electrochemical reactions occurred during these processes. However, when the voltage window 
reached up to 1.6 V (dash line), a trend of increase of current is able to be noted at both high 
potential range and low potential range, suggesting the occurrence of water electrolysis. As we 
all know, electrolysis of aqueous electrolyte can not only destroy the structure of the energy 
storage devices but also lower their working life. Thus, comparing with 1.6V, 1.5 V is more 
suitable for using as the voltage window for the FCNT|1M Na2SO4|FCNT cell due to its higher 
stability. For FCNT|1M Na2SO4+0.5M KBr|FCNT cell, as the increase of voltage window, the 
CV curves in figure S2.5b do not show the ideal rectangular shape because of the occurrence of 




maximum current increase. Therefore, the potential window of this cell cannot be determined 
through CV tests. However, the two electrolytes have the similar pH value which close to 
neutral, the maximum voltage of these two cells should be comparable. Thus, 1.5 V can be a 
good option. Further proof of determining voltage window can be find in GCD test shown in 
figure 2.5. 
 
Figure S2.6. CV curves of FCNT|1M Na2SO4|FCNT cell at different scan rates at the voltage 
window of 1.5 V. 
 
 
Figure S2.7. Last 5 cycles of 10000 cycles GCD test. 
 
Figure S2.8. Functionality and durability of cation exchange membrane. Images of the color of 1M 
Na2SO4+0.5M KBr electrolyte: (a) before and (b) after charging to 1.5 V and floating for 2 hours. 
(c) Image of the corresponding electrolyte after 4 days. (d) IR drop during the 10000 cycles GCD 
tests. (e) SDC curves of device 1 (FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor with cation 




membrane) and device 3 (FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor without cation 
exchange membrane). The data was recorded after the devices were pre-charged to 1.5 V at a 
constant current of 1 mA. 
 
The main functionality of the cation exchange membrane (CEM) for the hybrid 
supercapacitor is to block the migration of Br3- ions from the positive electrode to the negative 
electrode. On the other hand, the CEM still allows the migration of cations (K+ and Na+) across 
the membrane to maintain low electrolyte resistance and internal resistance of supercapacitor. 
The migration of redox species between electrodes is known to be a major contributor of self-
discharge in supercapacitors with redox active electrolyte.16 As discussed before, Br3- ions are 
generated during the charge process at the anode. Without the CEM, the Br3- ions will diffuse to 
the surface of the cathode. Since the potential of the cathode drops to -0.75 V vs Ag/AgCl via 
charging the EDL (figure 2.5d), a potential much lower than the equilibrium potential of Br-/Br3- 
(0.834 V vs. Ag/AgCl), Br3- will be easily reduced by the cathode. This internal shuttling of Br3- 
between two electrodes can cause significant self-discharge of the FCNT|1M Na2SO4+0.5M 
KBr|FCNT supercapacitor and CEM has been suggested as an effective strategy for blocking the 
shuttling.16 In this study, the following experiments were performed to validate the functionality 
and durability of the CEM.  
As shown in figure S2.8. CEM is sandwiched between two electrolyte compartments (i.e. 
anolyte and catholyte) and sealed by epoxy. As shown in figure S2.8a, at the initial state both 
compartments are filled with transparent 1M Na2SO4+0.5M KBr electrolyte. The color of the 
electrolyte at positive electrode (i.e. anolyte) turns into yellowish color after charging the cell to 
1.5V and floating for 2 hours (figure S2.8b). The yellow appearance is characteristic color of Br3-
, demonstrating that Br3- was generated at the positive electrode during charging. Whereas the 




EDLC behavior and most importantly proving that the CEM successfully blocked the diffusion 
of Br3- into the catholyte. The durability of CEM is confirmed by observing the color change of 
the electrolyte as time passes. In figure S2.8c, it is noticed that, after 4 days, the electrolytes at 
positive electrode and negative electrode are still yellow and transparent, respectively, 
suggesting the durability of the Br3--blocking function of CEM. To test the durability of the 
cation exchange function of CEM, the discharge voltages profile during the 10000 cycles GCD 
tests with high current density of 10 A g-1 was examined. The IR drop of these discharge 
voltages are consistently small for the 10000 cycles (figure S2.8d), indicates that the internal 
resistance of the cell, which includes the electrolyte resistance, did not change after 10000 
cycles. In other words, the cation transport tunnel in the CEM was not blocked, further proving 
the good durability of the CEM.     
To further prove that CEM could block the migration of Br3- between two electrodes and 
reduce the self-discharge of FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitor, self-discharge 
tests were performed with two FCNT|1M Na2SO4+0.5M KBr|FCNT supercapacitors, one with 
CEM and the other without.  In the self-discharge tests, all supercapacitors were charged to 1.5V 
with constant current of 1 mA followed by four-hour self-discharge. In figure S2.8e, red solid 
curve is the self discharge profile of the redox-active supercapacitor with CEM (Device 1) and 
orange dash curve is that of the same supercapacitor but without CEM (Device 3). The self 
discharge of Device 1 (with CEM) is better that that of Device 3 (without CEM), further proving 
that CEM is important for reducing the self-discharge caused by shuttling of Br3-. The self-
discharge profiles of redox-active supercapacitors with and without CEM (Device 1 and 3) are 
both tested to be better than that of the EDLC (Device 2), because the positive electrode of the 




stabilized at the equilibrium potential for the Br-/ Br3- redox pair. Whereas in the EDLC the 
potentials at both electrodes are electrostatically determined and have no mechanism 
thermodynamically stabilizing them.16 It should be noted that the self-discharge tests were only 
performed to prove the functionality of the membrane and the self-discharge performances of all 
devices are not optimized yet. Minimizing self-discharge through optimizing each component of 
a supercapacitor is the authors’ ongoing effort and is beyond the scope of this paper. 
Table S2.2.  The selected performance of FCNT|1M Na2SO4|FCNT cell tested at different voltage 
windows (0.5 A/g). 
 
 
Table S2.3. The selected performance of FCNT|1M Na2SO4+0.5M KBr|FCNT cell tested at 









Table S2.4. The selected performance of FCNT|1M Na2SO4|FCNT cell tested at different current 
densities (1.5 V). 
 
 
Table S2.5. The selected performance of FCNT|1M Na2SO4+0.5M KBr|FCNT cell tested at 
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Figure S3.1. The detailed information of a single FCP electrode. 
 
 
Figure S3.2. (a) Mass spectrum of the acidic PVA-BH-LiBr hydrogel and (b) mass spectrum of 
the neutral PVA-BNa-LiBr hydrogel. 
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Figure S3.3. Raman spectroscopy of raw CNT. 
 
Figure S3.3 shows the Raman spectroscopy of raw CNT at 532 nm. The radical breathing 
mode (at 163 cm-1) and G mode (at 1590 cm-1) indicate the material is single-wall carbon 
nanotube and the vibration at 1347 cm-1 can be attributed to D mode which reflects the degree of 
structural detects. 
 
Figure S3.4. TEM image of single-wall FCNT. 
 
The carbon nanotube (CNT) used in this paper is purchased from Timesnano and the product 
name is TNSAR. According to the information provided in the website of Timesnano 




structure. Furthermore, figure S3.4 gives the TEM image of FCNT. It can be observed that two 
nanotubes are bound together and each of them has a diameter of less than 2 nm and shows only 
single wall, which agree with the specification of TNSAR provided by the Timesnano shown in 
the website. 
 
Figure S3.5. GCD profile of LA-SA asymmetric SC at the current density of 2A/g with a voltage 
window of 1V (black curve) and potential variation profiles (vs. Ag wire) of positive and negative 
electrodes (red and blue curves). 
 
 






Figure S3.7. Potential variation profiles (vs. Ag wire) of positive and negative electrodes of (a) LA 
hybrid SC and (b) SA hybrid SC. 
 
 
Figure S3.8. Electrochemical impedance spectroscopy of LA-SA hybrid SC: Nyquist plot (blue 
circle) representing the real and imaginary components of the impedance and the simulation curve 
fitted from the equivalent circuit model (inset). 
 
The EIS of LA-SA hybrid SC is measured with the frequency range from 0.1 to 100 KHz. 
The DC voltage is 1.6 V and the AC amplitude is 50 mV. As shown in figure S3.8, the Nyquist 
plot is provided and the equivalent circuit model (shown in the inset) is used to fit the plot. 
According to the equivalent circuit model, Rs (from the high frequency range), which represents 
the resistance of the electrolyte and the Nafion 117 separator, is about 17.4 ohm. This value is a 
little bit higher than those water-based supercapacitors, but it is reasonable considering the use of 
solid state electrolytes and the Nafion 117 separator. In the middle frequency range, a parallel 
(a) (b)
Rs







capacitor (Cct) and resistance (Rct) are used to model the capacitance and the charge transfer 
resistance between the electrode and the electrolyte of the positive electrode.1 The value of Rct, 
which can be found in table S3.1, is 44.1 ohm. This value can be strongly affected by the contact 
of PVA based electrolyte with FCNT. Besides, another capacitor (Cdl) is used to model the 
electric double layer behavior in the negative electrode. In addition, a Warburg impedance 
element, which exhibits as a straight line in the low frequency range, is added in order to model 
the ions diffusion from the electrolytes into bulk of electrode materials.2 It can be noticed that an 
inductance is also put into the model for simulating the tail shown at the high frequency range. 




Figure S3.9. The capacitance retention after 1000 cycles of GCD tests at the current density of 6 








Table S3.2. The selected performance of LA-SA hybrid SC tested at different voltage windows (2 
A/g). 
 
Table S3.3. The selected performance of LA hybrid SC tested at different voltage windows (2 
A/g). 
 
Table S3.4. The selected performance of SA hybrid SC tested at different voltage windows (2 
A/g). 
 






Table S3.6. The selected performance of LA hybrid SC tested at different current densities (1.6 
V). 
 
Table S3.7. The selected performance of SA hybrid SC tested at different current densities (1.6 
V). 
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Figure S4.1. SEM images of electrodes produced from precursors with different molar ratio 
between Ni and Mn elements: (a) Ni:Mn=0:2; (b) Ni:Mn=0.5:1.5; (c) Ni:Mn=1:1; (d) Ni:Mn=2:0. 
 
 
Figure S4.2. The thickness measurement of nanosheets. 
 
 
Figure S4.3. (a) Survey XPS spectrum of A-Ni-MnO activation electrode. (b) Mn3s core-level 






Figure S4.4. CV electrochemical activation processes (10 mV s-1) of electrodes produced from 
precursors with different Ni/Mn molar ratios: (a) Ni:Mn=0:2; (b) Ni:Mn=0.5:1.5; (c) Ni:Mn=1:1; 
(d) Ni:Mn=2:0. (e) CV comparison of A-Ni-MnBMO electrode and bare carbon cloth in 1M 
Na2SO4 electrolyte at the scan rate of 10 mV s-1. (f) CV comparison of A-Ni-MnBMO electrode 
and electrodes produced from precursors with Ni/Mn ratio of 2:0 at 500th activation cycle. 
 





Figure S4.5. (a) CV curves of A-Ni-MnBMO electrode at different potential ranges. (b) GCD 
curves of A-Ni-MnBMO electrode at different potential ranges. (c) CV curves of FCNT electrode 





The maximum working potential for A-Ni-MnBMO electrode that can be used in real 
device is investigated by a three-electrode CV test at a scan rate of 10 mV s-1 in different 
potential windows of -0.2-0.8 V, -0.2-0.9 V, -0.2-1 V, -0.2-1.1 V, -0.2-1.2 V and -0.2-1.3 V (vs. 
Ag/AgCl) shown in figure S4.5a. It can be observed that, as the potential increases beyond 1.2 V 
(vs. Ag/AgCl), there is an obvious increase of current during anodic scan, which is attributed to 
the occurrence of oxygen evolution reaction (OER).1 Besides, the GCD curves of A-Ni-MnBMO 
electrode tested in different potential windows (shown in figure S4.5b) also confirm that, when 
the maximum potential is 1.3 V (vs. Ag/AgCl), a plateau representing OER in the charge curve 
and a large IR drop in the discharge curve can be observed. However, when the maximum 
potential is 1.2 V (vs. Ag/AgCl), a symmetric GCD curve with low IR drop and high coulombic 
efficiency (figure S4.6 a-b) can be found. Therefore, in order to maximize the potential window 
of positive electrode and minimize the decomposition of aqueous electrolyte, 1.2 V (vs. 
Ag/AgCl) is the most suitable maximum potential that can be utilized. In figure S4.5c, the 
maximum working potential range of FCNT electrode is investigate by a three-electrode CV test 
at a scan rate of 10 mV/s in different potential windows of -0.8-0 V, -0.9-0 V and -1-0 V (vs. 
Ag/AgCl). It can be observed that, when the potential is more negative than -0.9 V (vs. 
Ag/AgCl), an increase of current during the cathodic scan, which is ascribed to the occurrence of 
hydrogen evolution reaction (HER), can be observed.2, 3 Therefore, the most suitable working 









Figure S4.7. CV curves of FCNT at different potential ranges. 
 
To the best of our knowledge, there are at least two possible processes happening on 
FCNT electrode during CV measurements. In order to fully investigate the possible 
pseudocapacitive behavior in our FCNT electrode, CV curves of FCNT at different potential 
ranges are measured in figure S4.7. It can be found that there are three pairs of peaks that can 
supply extra pseudocapacitance for EDLC FCNT electrode. 
It has been discussed by many reported works that the functional groups, such as 
carboxyl group (-COOH), were introduced onto surface of single wall carbon nanotube 
(SWCNT) through acid functionalization treatment in order to increase its wettability in aqueous 
electrolyte. Besides, these introduced oxygen contained functional groups may also have 
reactions under different electrolyte conditions.4, 5, 6, 7 For example,  




The exact redox potential of the oxygen contained functional groups are not listed in the 
reported papers. However, according to their CV curves, a pair of redox peaks that can often be 
observed at the potential range of about -0.3-0.1 V (vs. Ag/AgCl) at neutral condition may be 
ascribed to the reactions of carboxyl groups.6 Therefore, peak pair 2 may be caused by the 
reaction of carboxyl groups. Peak pair 1 and 3 may come from the reactions of other the oxygen-
contained functional groups. More work should be done in order to fully understand these 
processes. 
Another possible process is the hydrogen adsorption/desorption process.8, 9 Its mechanism 
is shown as: 
𝐶 + 𝑥𝐻4𝑂, + 𝑥𝑒" ↔ 〈𝐶𝐻Q〉 + 𝑥𝐻!𝑂 
where 〈𝐶〉 represents the carbon material and 〈𝐶𝐻Q〉 represents the hydrogen adsorbed 
carbon material. The reported nascent hydrogen started to be produced and adsorbed when the 
potential is more negative than -0.605 V (vs. Ag/AgCl) and the hydrogen desorption happens 
when the potential increases over -0.422 V (vs. Ag/AgCl).9 Peak pair 3 is found to be roughly 
located within this range. 
According to the green and yellow curves in figure S4.6, peak pair 1 and 2 can be 
observed when the hydrogen generation does not occur. It is because that the theoretical potential 
of hydrogen generation at neutral condition is about -0.413 V (vs. NHE which is about -0.649 V 
vs. Ag/AgCl). Even if we do not consider about the possible overpotential of hydrogen 
generation reaction, the potential of these peaks are more positive than this value, meaning that 
reaction 1 and 2 are totally not related to hydrogen but are very likely caused by the redox 




under the range of possible hydrogen generation, it may be caused by the hydrogen 
adsorption/desorption process. 
It needs to mention that the above discussed mechanisms are only the assumptions based 
on our observation and the information collected from other reported papers. In order to fully 
figure out these processes, more work should be done. 
Table S4.2. Detailed GCD data of A-Ni-MnBMO electrode. 
 
 
Table S4.3. Fitted values of equivalent series resistance and charge transfer resistance from 
equivalent circuit model. 
 







Figure S4.8. SEM images of A-NiMnBMO electrode after 3000-cycle cell level GCD test. 
 
 
Figure S4.9. Self-discharge performance of A-Ni-MnBMO//FCNT supercapacitor. Inset is the 
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Synthesis process of Ni-O, Co-O, Mn-O, NiCo-O, NiMn-O and CoMn-O 
For the monometallic oxides (including Ni-O, Co-O and Mn-O), the precursor solution is 
made by dissolving 3 mmol of Ni(NO3)2∙6H2O or 3 mmol of CoCl2∙6H2O or 3 mmol of 
(CH3CO2)2Mn∙4H2O into 70 mL deionized water, respectively. The prepared solution is poured 
into 100 mL Teflon-lined stainless steel autoclave where a cleaned carbon cloth substrate is 
vertically placed. Then, the autoclave is heated up to 120 oC (at a heating rate of 3 oC/min) in a 
box oven and its temperature is maintained for 6 h. The obtained sample is cleaned by 
ultrasonication in deionized water for 10s. Afterwards, the sample is dried in a vacuum oven at 
60 oC for 1h and, then, it is annealed at 300oC (2 oC/min) for 2h in a tube furnace under Argon 
atmosphere. 
For the bimetallic oxides (including NiCo-O, NiMn-O and CoMn-O), the precursor 
solution is made by mixing the two out of three precursor salts with the molar mass of 1.5 mmol, 
respectively, in 70 ml deionized water. In other words, the total molar mass is 3 mmol and molar 
ratio between the precursor salts are 1:1. The rest processes (including hydrothermal and 





Figure S5.1. CV curves of metal oxides with different chemical compositions at the scan rate of 
10 mV/s. 
It can be found that, at the same scan rates, NiCoMn-O has the largest peak current and 
CV area, indicating it has the best electrical conductivity and electrochemical performance 
among these materials. 
 
Figure S5.2. SEM images of (a) NiCoMn-precursor, (b) NiCoMn-O, (c) NiCoMn-O@NiMoO4 
whose NiMoO4 layer is synthesized at 80 oC for 2 h, (d) NiCoMn-O@NiMoO4 whose NiMoO4 
layer is synthesized at 80 oC for 4 h ,(e) NiCoMn-O@NiMoO4 whose NiMoO4 layer is synthesized 
at 80 oC for 6 h, (f) NiCoMn-O@NiMoO4 whose NiMoO4 layer is synthesized at 100 oC for 4 h, 






Figure S5.3. SEM images (with higher magnification) of (a) NiCoMn-precursor, (b) NiCoMn-O, 
(c) NiCoMn-O@NiMoO4 whose NiMoO4 layer is synthesized at 80 oC for 2 h, (d) NiCoMn-
O@NiMoO4 whose NiMoO4 layer is synthesized at 80 oC for 4 h ,(e) NiCoMn-O@NiMoO4 whose 
NiMoO4 layer is synthesized at 80 oC for 6 h, (f) NiCoMn-O@NiMoO4 whose NiMoO4 layer is 
synthesized at 100 oC for 4 h, (g) NiCoMn-O@NiMoO4 whose NiMoO4 layer is synthesized at 
120 oC for 4 h. 
 
Figure S5.4. (a) CV curves and (b) calculated discharge specific capacitances of NiCoMn-




different (i.e. 2h , 4h and 6h). (c) CV curves and and (d) calculated discharge specific capacitances 
of NiCoMn-O@NiMoO4 samples synthesized by hydrothermal methods at different temperatures 
(i.e. 80 oC, 100 oC and 120 oC), but their holding time is 4h. 
 
 
Figure S5.5. EDS spectrum of NiCoMn-O@NiMoO4@C. 
 
 
Figure S5.6. The specific capacitances of different samples calculated from CV curves at the scan 






Figure S5.7. (a) CV curves of AC negative electrode. (b) GCD curves of AC negative electrode 
and (c) the corresponding specific capacitances and coulombic efficiencies calculated from the 
discharge GCD curves. 
 
 
Figure S5.8. (a) GCD curve of NiCoMn-O@NiMoO4@C at the current density of 0.25 A/g. (b) 
CV curve of NiCoMn-O@NiMoO4@C at the scan rate of 10 mV/s. 
 
 
 
